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PREFACE 


i)bj(uit oi: the present troiitiso and of the companion volumes 
wlii<Ji it is int(3ndocl to publish at an early date is to ^ive a concise, 
up-to-'date and s(^lf-tJontaiued account of the wonderful series of dis- 
(mveru‘S which make u]) the present-day Atomic Physics. As is well- 
known, pro|i;r(3BS in tliis direction began with lloiitgen^a discovery of 
X-rays in This groat discovery supplied immkind not only 

with a now light for looking into opacpic matter, but also inspired the 
Physicists with the novel, nay then almost the revolutionary, idea that 
beyond the knowledge of physical phenomena accumiihited up to 1894, 
there wer(3 other vast Ihilds as yet unexplored. >Part of the new 
ground has since beeji broken by the active participation of the most 
acute s(dentilic brains {)f the contemporary world. Oiir intention has 
not beem iner(3ly to clivouiclc these discoveries, but rather to present 
tho now knowhjtlgo as a consistent story and a logical system of 
thought, In imposing upon ourselves this task, we have not been 
immindCul of the great difliculties before us. For the discoveries 
whicli make \\\) tho new knowledge have often followed without any 
logical ordtu’ or K(»(iucnco, and tho developments of underlying thought 
which are inttmded to bring order into the system have undergone 
VLohmt and abrupt changes within short intervals of time, And as 
very oi‘t(m ha| 7 p( 2 ns in tho first days of exploration, those who have 
!\cUvely participated in these activities, as well as those who have 
mer( 5 ly kept an intelligent watoli on tho progress of events, have been 
<aiuully pn/,/.l<‘d by tlie vicissitude of ideas leading to speculation as 
well as to work. 

It will be uc/knowlcdged that it is no easy mutter to present an 
ac(jountof tlujiuw knowledge when the issues in many cases are Still 
lUUMU’tain. The treatment given in the following pages is the result 
ol: twelve yoais^ cxperionce of the senior author in lecturing to the 
H.Hc. (IlouH,), and M.Bc. students in Physics of the Allahabad 
I rniversity, and earlier at tho Calcutta University. The subject-matter 
is arranged to (iovor a course for two years, the easier and 
mor(i descriptive portions being reserved for the first year. It is need¬ 
less to add that tlio teaching programme has to undergo substantial 
changes almost every year, but the underlying skeleton of this book 
has romaiiiod unchanged, at least for some time. The plan of 
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teaching as outlined in those pages has been found to ha (jiute 
successful with the students with whom tlie seiiiov author had 
come into contact and he hopes tliat others also will find his Kelnano 
workable. Wc have attemptrid to make the book as imuih 
eontallied as ])Ossiblc without making it too bulky or t(U5hnicah 

It was nt first intended to include cluiptiu's on MolcKUilar Physics, 
Interaction between Matter and Light, AVavcmiecliaiiics and Nmdear 
Pliysics, but us the book had already become bulky, it was decided to 
incorporate these chapters in a second volume, Most of tlmse chapters 
arc almost ready. Messrs, I), S, Kotliari of the University of Delhi 
and Rum Nivas Rai of the Allahabad University nvo engaged in 
writing a volume on mathematical ])hysics wlucli, it is hoped, will 
servo as a more elaborate matliematical supjileiiumt to tlu^ two 
volumes. 

We feel it our pleasant duty to cx]>ro,ss our indebPalness to such 
treatises as Sommerfeld^s classical work Atomhau mid /^pdiral- 
linicri; Pauling and Goudsmit^s Slrndure of TJui*. Spcidra 
treatment wo have closely followed in many places ; to the articlc?s 
by Qrotrian and Laporte on iSpcctroscopy in the IhnidbuvJi (hr 
AHirophydk ; also to various volumes of tlic llandbitch dir Physik 
and Handhuch der M^Fpmmental phynik for several important 
articles ; to Siegbahn^s Spckiroi^liopiG dci' liontyvndmhlm^ 1931; 
and to Rutherford, Clindwick and Ellises liadialions from. Itadiimc- 
tire StthHlameHy 1930, 


Tim Physical Lauouatouy, 
Allai lABAi) IlNivjijnsrrY. 
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CHAPTER I 


PriKNOMICNON OV lONIHA^TON OK UASICS 


1* Electrical Conductivity of Gases.—A ^ns in iUs u(mna) 
iH ono ol: b('Hl/ insulniors of (‘lecti'icity. .Hiil; it liiin hvm 

knowji for \i loii^ tiiiio tliul; niul(fr oortain circuniHlniujoH gasoH may 
ucriuivo coiiHi(lorabl(5 iiiiionnt of (‘l(‘(5lrical coiuhictivily, for oxaniplo, 
wIhmi it in ilhiminat(al by nllra-viob^t oV* when it is in tho iioii^’li- 
bonrhnod of a lH‘ato(l body. tho oavly workers tliora Jii)iauu‘od 
aomo doubt whothor thla phononiouou niip:bt not bo dm^ to loakai^o 
thron/rh wtanda of th<> vohhoI wliicli oucIohchI tho gas. 

Tlum ICUtor and Gdtol* hIiowchI ill IHfM) that nb.solntoly dry air 
])O«B0«Hcd C(U'tain amount of ohaHricnl conductivity. 'I'lnar uiiparatuH 
\h Hhown in 1. TU) apparatus is (‘sscaitially au ol(*c-troHCo)K) witli 
ahuiiinunn l<’av<!H standing' on au 
(‘bonlt(^ support lb '^riiis is oncloscd 
'\vitlnn a p:lasH Ilask containin|»: p(‘rfoctly 
dry air. Z is tlu^ metallic part which 
cairi(‘s the loavt^s, and Y is (h(‘ in(‘tallic 
uiaiithf coini)l(»l(‘ly Hiimunulinij: Z. 

Z was charged to a pobaitial of 
about iiOO volts, 'rho 1 (miv(‘s tlicu di- 
duo to ihc repulsion of the 
(‘Icctrical charges on them. On stamU 
iu^ for soimMimc a slow rat(» of fall of- 
the halves was iioticcal)l(’. 1'hc fall is 
duo to loss of chai'Kos from tli<! l(‘avcH, 
and this a[i;ain must ln\ nscrilu'd to ismduction across the air siir** 
roundinp,' th(‘ c‘Ic<Jtros(’opo, and ])(a‘liaps partly to ihc l{‘nkag(i throiii^h 
th(! c*l)onito su])port. 'rh(‘ c.\p(!rimc‘iit was not very conclusivo, as 
it failed to distiufjjuish b('twccii actual (jonductivity of the (’ucloscd 
air and the leakuKo tJiroiipjh tlu* inmilatiu^ parts, 
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This ])oint wtis inudo clear by later worlcs. lOxtcauled iavesti- 
j 2 ;ations by Geitel,"** 0. T. R. W^ilsoiit and otlua’s showed that real 
electrical conductivity could be imparted to an otherwise noncon- 
diictiiig gas by various agencies. A typlcad experiiiuuit (h'ig. 2} 
IK'rfnrined by C, T, R. Wilson wliicdi is described below will ])robably 

A . *.. is a spli(u‘ieai vessel, tlie 
inside being coated with 
silv('r, 

(< . . , An ebonite plug closing its 

mouth. 

S .», A block of sulphur. 

R ... A brass rod carrying n ])air 
of gold heaves, 

R ,. , A brass rod passing 
through the (da>nit(i C^, 
and cavrying S at om^ 
end. It is connected to 
the positive terjuinal of 
the batt(wy Ik Tlu^ JU‘ga- 
tive terminal is atta(*bed 
to the vess<d. 

W ... A wive which can b<^ mani¬ 
pulated by means of a 
maguotfroin the outside, so as to mnk(i it toueb R at will. 

A constant diltbroiico of potential is always maintained IkIwcmmi 
JC and the silver fatu^ of tlu? vessd by moans of the butt<u\Y Ik Tint 
gold leaf .system is charged to the same potential as 10 by bringing 
in contact with it the iron wire W by means of a magnet, On brciak- 
ing the contact the leavo.s become insulated, and they diverge under 
mutual re])ulsion of electrical charges on tbc halves. 

Since tlu^ gold leaf system has a small chadTicnl capacity, n 
small cluvng(? of the cleciilcal charge on it is likely to produce*, a 
considerable elningc in Us iiotcntial, and hence in the div('rg(MHU! 
of the loaves, Under normal conditions of the (Muilosed gas, tlu; 
loaves are found to collapse very slowly when ol)s(vrvcd umhu* tin? 
microscopo, Hut on [lassing ultra-violet light through tin? gas tin* 
leaves were found to eolhi])sc rather rapidly* 

* II. Qoltol, Plii/s. Zells.) 110, 1900. 

•|* C. T, R, Wilson, Proc. Oainh, Phil. U, .'I-?, 11)00; Proe, M^//, 
Soc.^ 68,151, IDOL, 


make tlu^ matter clear. 
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f/iW ION is AT to N HVrOTli lasts 




TIk^ intori)rotali()ii of fbo nl>ov(^ oKsovvatinns i.s niinplo. It m 
npparoiit tlmt any (a)n{lu(‘i;ioii tuM’oss tho sulplinr ])lii^‘ will toiicl to 
rostoro tlio [)ot ont inl of tlio ](‘nv(‘s, a ad maintain ( Imir divovgenco 
st('a(ly. tim l(‘nv(’s aro otlawwisa in a porfoct slat(‘ of insula¬ 

tion, l<‘akiigo of (diavgv must have ncTUvml across the enclosed gas. 
In facd, both (ickol and Wilson found Unit the normal leakage 
varu'd as the voliiimj of the veswch amounting to 10"^ V units per 
scCm at atmospheric i)r(^ssiii*e, whore V denotes tlie volume, yince 
tin? rate of leakage Is normally extrenudy slow, tlie gas must ho 
regardcul as an almost perbu’-t iusulator utider normal eonditioiis ; but 
when (^xi)os(5d to the action of ultra-violet light nod certain other 
agenei<^s to be luentloiual lu’cseutly tlie gas acciuires considerable 
conductivity, and tluj c‘>harge n\\ the gold huives gets neutralised and 
tliey rapidly coIlai)se. II: the external agent be withdrawn, it is seen 
that the ccauluctlvity diminishes, until linally it naiclu'S normal value. 

2* The Ionisation Hypotheais,— To ac(M)nnt for this accpiired 
eonductivity, it was postulated by J. J. Tliomson^ and others, 
Unit air when sul>j(‘eted to these ngencio.s (ultra-violet light, X-rays, 

etc.) bec()ni(‘s if)iustKl, that is, particles conbiiniiig negative and 

positiv(i charges niv prodiuufd throughout tin? volume of th<! gas, so 
that wh(‘u it is ])la(m(l hetwi’cn two (‘lectnides (auiuecU'd to negative 
and p(>sitive tm’miiinls of i\ source of KM.F, the lawiUve carriers 
are attracicd to tlu? n<*gatlv(‘ (»hictrod<^ and the negative caiTi(a\'!: 
to the positives thus gradually lumtralising the charges on the haives* 
Th(? aet|uii'(‘il (umdmdiivlty of tint gas is due to tluj inovcammt of the 
<^arri(’rs. ^rhes(» carriers of (dcctricity arc calhsl ions, and the 
plujunnuaiou is known as ionisoHon. The agcaiey which is rosi)on- 
slbhi for tiu' ionisation of th(‘ gas is known as the ionising agoni. 
On removing the ionising ag(’iit, tlio fresh sipiply of hms is cut olf, and 
those aInMuly pr(‘S(ait gradmilly lose themselves by iimtual eolUsioiis, 

3. The Various Ionising Agents.— 'He.si(h*s ultra-violet light 
and hcnbul hodics iiiiiny otium ionising agents huve^ been discovered 
siuee. 181)5. Siudi are, for (‘xample, X-riiys radiations from radio¬ 
active hodhis (a, 6» y rays), Ihiiuns, ehenucal action, etc. The study oJ: 
ionisation dots to radiations, from radio-active bodhis is illustrated in 
the following i^xperiinent. The apparatus used is shown in Fig. U and 
des(‘ril)(‘(l h(‘lnw, 

A and B arc two piirallul plates kcptwitluji ii closed oh am bor bom 
which (hey arc insulaU‘d by nuuuis oX siilplmr plugs *>■, s, yulpimr plugs 
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iiro uHod bcoauae sulphur is fouiul to be u vo.iy good insulator/*' Tlu^ gas 
of will oh Lho Ionisation is to bo invostigatoil is onclosed in tlio chum her. 

The inousnring iiis- 
truniGiit niny im a 
quad mu fc olootronu^toi*, 
or ole(ilroH(;o[)o, or soino 
otiher o<iiilvnlont appn- 
I’UtuH. For tiui present 
wo take it to bo a 
< Iuud rail fc electro nio h ?r 
Q, One pair of (luml- 
rants is connected to 
A, and tlio other luiir 
of quadrants is oarthed, 
A dilibrcnoe of po¬ 
tential is, thoieforei 
nmiiUaiiKjd between A and H whicli (am be easily measured liy nuums 
of a potoiitioinefcer. The body of the closed chamber is car tiled so as to 
shield A and li against tlu» at^tion of any stray eloetrostatic Held. 

'.rho ionising agent may bo phuted either on tlio plate B, as in the cas(’ 
of substances like Thoriuin or Uranium, or it may be put outside and the 
radiation alloWisd to pass through the window W, 



The ga>s particles jm‘l)rok(Mi up into jiositivc! and negatives iuiiH 
by the action of the ionising agent, and the ions of npproiiriate sign 
areuttmeted to the (;l(‘ctrode A, wlvich instantly shares its chargewith 
the {‘leetrometcr. A diUbrence of potential is thus ostablislKuUudwecm 
the tw() pairs of (luadrants of the electroinetcu’ whicli consecpumtly 
caus(^H a dcllection of tli(^ iKiedle, As more and more cluirg(‘s a.c(ni~ 
mulate on the plate A, the diHercaicx' of iiotoutial, anti lienee LIuj 
dcdlection of tlio electrometer uet^clle gradually hvcrt'ust's. The move¬ 
ment of the ions betwiaai the two plates is (Mpiivahuit to a current 
[lowing beUs^tam thorn, d?lus is known as tlie ioufsa/ioii mrnuit, 
The mt(.‘ of change of tltdltKdion of tlie ehictroPieter is a measure' ol: 


A comparison of the insidating power of a numb(*r of substam^es 
is given In the following table, 

I’avaffin ... 500 Mica ... 00 Rubber ...200 Qmirtzglass ... 5000 
Sulphur ... 1000 Glass ... 66 Porcelain ... ;i Wood (Muliogaiiy) O’^t 
For comparison the insulating* powm-ii of a few good (jondiuitors are 
given bolow! 

Bismuth 10"Manganin H‘8xl0"‘^ 

Ironsiilphido ... Copper 1*5x10""^ 

The values aro in units of 10*** ohiU** ‘ . 



S4 i run MliASUiiliMI'jNT OF lONiliAflON GUUUl^NTS 


f). 

(Jjo ciiviv^iil:^ imd of the* iiittMisity of hniisn.tion. T\\v. doUiilH of inesisuro- 
ni(‘Ut of th(‘ ioiiissUioii (^lUTonfc uro j^^ivou in S4. 

'rii(i (*los<»(l (^InunlxT dosrrilx'd above*, in wliinh the* i)lKnintn(MU)n 
of iouisaticni tak(‘s ])ln('c is known as tho ioftfsaHon rhamlirr. 
Under (lidrnait forins tin* ionisation oJiainbnr is voiy frcujnently 
nsod in ra(lio-ni(»tric nKMisiireaneiits. 

Tin* ionisiitieai (hu* to othor n|i;(ni(s may also bt* stiulicd by exporb 
nn'iits similar to tliose^ de^sorilxMl nhovo, Sucdi Htiulins liuvo nmde 
it (delin'that tlnHiji>;b i<niisa.ti<)n is ])roduc(*d by all Urn dilfnnmt agents 
nnnUioinnl jibovcj, tlun'c? is a coiisidorabkj didoremou regarding; tlieir 
niod(* of action* Wtiilo the ionisation jirodnccd by X-rnys and ultra¬ 
violet radiations arc found to be imitorni Lhroiigiioiit tlie volume of 
tho kniisation c.hanib(?r, that din? to radioactive radiations areiuisyiH- 
m(?tri(?al, being strongest uc?ar tlio plate* containing tlio active substaiun?, 
and it gradually dinuniHh(?s at gr<*ator distaiu'.cs from the plate. dMiis 
inten*stiiig r(*siilt, as we shall h(*(‘ later, has led to closeu* iiivuHtigations 
on tin* i)aHsag(? of radiom!tiv(? rjidiatioiiH through gases* 

4. Uae of Electrometer and Electroscopes for the 
Measurement of Ionisation Currents,— The aiuount of current to 
bo mcasnn'd in such cxp(*rinu*nl:s is extremely snial! and nmy be of the 
order of to lO^^'UnniX'ves. If very strong ionising agents are 
avnilabh*, a st^nsitivo galvaiinnn?t<*r may be used* But for currents of 
tin* onler of 10“*^“ to 10"amp(?r(?s tin? tpiadraiit ele(?trnnu?t<*r and 
(»le<?lrosci)p(*s m’(? found to b(^ the imly apparatus Avliicb can br? 

W(‘sliair imw (?xplaiii Imw tlu? iontsatioii <?urrenl; can be <inan- 
titntivcly (*stiiimted from the rale? of dclle(?tion ,of tin* iiet’dh* as 
dcsci'ibed in Sb. Th(? adinstiucuts aad calibrations nt*(M*SHary for 
this purpose* ar(? as fotllows, 

(!) The eoifnlnneif of wro nw/m//.""Iailially, • the aciiilh? of the 
cliictroiaotcr must hi? symnictvirally Hitnatcd between tin? two puirs of 
quanlaiiLs. To i?nsui'c this, both the pairs of cjuatlrants, us well as tin? 
needle, an? i?iirllu?d* Then the ii(?cdli? is insuluU'il, and a cluirg<j given 
to it by coimoiiting it to a souvee of high poIcnUaL if tb(? coiulitions arc 
satisfactory, thf^ needle remaim nndvllccinl. Otherwise, this oonclitmn is 
attained by l(?volling the base of tho instrument, and u<ljubting the torsion 
of the suspending libro. T'liis b(?ing clono, the iu?edlu will returji to Uio 
saiiio reading always after d(?Uoction, and equal ami opposito charges 
to the quadrant will produce equal deflections on cither side of xoro, 

(2) Galihvation of the deflediou for voUage,^For calibrating tho 
instrument, tho plate A (Fig. B) and one pair of quadrants are ionised to 
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definite voltages which can be measiti'c<l l)y ii potentiometer, nnil Hie 
deflections are plotted against tlie poUnitinl. Acesording to tlie elementary 
theory of the quadrant electrometer, with a liigh potential on the needle, 
the deflection of the instrument should be directly proportiunnl hi Hm 
difference of potential applied botwcon the two pairs of (|uailriuitH. 'Ihis 
can be seen from tlie exiiression* 

e - /i:(K,-F2)(f . 

where F'^i-F 2 is the difference of potential between the two pairs of 
quadrants, Fis the potential of the needle, K the constant of tin* iiislrnment 
and the deflection. When Fis very high compared to potenlinl of the 
qun<l rants, 

a - a'(F,-F2)f.(H) 

^ ^ Vi-’V 2 i sy\um V coiiKtiiiit; 
nm\ 0 r, wluni 


In practice these n*suU3 nro found to ho on!}' approximately tnu\ An 
actual calibration curve being plotted, tlio potential f<a‘ any (lolb'C^tion may 
be immediately obtained from it. 

The potential to which the electro motor needle is to he eliurgi’d a I ho 
requires careful selection, Though according to aijujile tlu^ory (equ. ii) 
the deflection for a constant potential of the (piadrants should Im propor- 
tional to the voltago'ot the ncedlo, in reality this is fur from Uoiiig true. 
The movement of the needle hetweon the charged (pmdrnnts tuiuscH a 
variation in the electrostatic (iold acting between the needle Mini the 
quadrants. This is due to tlio distorslun of the limw of knw lu‘twi‘tai 
the two systems ou account of motion of the miedle, This gives rise 
to an additiojial couple dopondmg upon the potential of the needh* 
and other minor factors. Tho couple may ho either in tim cliri’(‘tiim 
or in opposition to the restoring couple duo to tho torsiou of thi^ 


fibre. Tlio actual nature nf tlie 
variations of tho ilellcction with (lie 
potential of tho needle in hIiowm in 
Fig. 4, in which tha curve ah cones- 
ponds to tho case of tim inlilitional 
couple auling tho torsional (antph*,, and 
tho curve o ropresonts tho uppositt^ 
ease. Tho matlienuiticful tlniory^ of 
the correction is given in Mnkower 
and Geiger’s “ Pracliml Mmstarwf itfH 
in Fadioadiviiyf ** Oluiplor 1. 

In the measurement of currents, in addition to tho distorsioiiul ctniplc, 
a now Goiiplo caused by the reaction of tho charges sot up on the tjuudruiil« 



Klg. 1 

Ronsttivemiss of QunUroiU eltioaomctKr. 
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by l;ho motion of fclio (^hai'god noodlo nvisos. This is <uille<l fclio iiuhicLiouul 
omiplo and its notion is analofjous to tho (lanipin|ir odect of u loop of wire 
on the moviii^j:{U)il of a galvaiiomotor, To avoid this it is advisabUi to kcop 
tho mitidh’ potoniial fixod tlmm^jliont, and to use tho sumo part of tlio 

(d) (hpdmltj (if Ihe ek.dro)mle)\--li will ho s(‘on just now that in 
ordiT to nu^asuro (UirnmtH with quadrant ohKitroniobn’.s, absoluto dotovnii- 
ii!\tiou of its (?apaoity is notu^sHary. For tins purposo, Iho noodlo is 
(U)iinoolad to a sourao of liif>’h voUat>'o, and tluj two pairs of (juadrants imi 
(►oniKS'.tod U) tbo two toriuinalH of a roll of o,iiid; K An amount of clinvgo 
qi llowiii/^^ from tla^ l)atiory (iolUaitn on tlia (|iuidrants, Duo to thiKS tlu 3 
(lofl(>(^ti()n of Llm noodlo risos stoiidily from o to within a timo /[ which 
is noted. Now ii staiulnnl eondonsor having iho eaiJjicity 0^ isconnocitod in 
pnmllnl to the two pairs of <iuatlniiUH, Using tlio samo coll, now a longer 
tinu^ I 2 is re(inir{Hl for getting the same deflection Let a charge collect 
on tile (juadrantH in this case. IE 0 ho tlio eapa<nty <d‘ tluj electroincior, 

//j - /7| - CK 

<1, - Ih 

whore i dennk^s tlie cornmpomling curront. We tluis got 

c =.- 

h-h 

wliieh giv<‘H the capmuty. 


Ai‘t(n‘ adjiiHtnKmfcH eonmaitions am made to the ioniHatiou 
(diauil)er as stated in 1?he mualln will at <mco show a dolloetion, 
whieh will remain stt^ady if no ionising ng(mt bo pr<’sent, or if there 
is no leakage. Jhit UHimlly, tller(^ is always a small leakage present. 
This should b(^ observed first and allowed for in subsiuiuent readings. 
Tlien the ehamher is expomal to the action of the ionising agent. The 
(ledecitfon Nvill now change moni rapidly (le|)ciiding niion tlio strength 
of tim ionising ngcait. This is chic to the faitt that a cuiTciit passcfs to 
the insulated plahs and begins to charge this aiul the pair ol: (pi ad rants 
(ioime(jt(al to it, 

II; U—capucity of the chfctroinctca* ])his tlie plate (‘onn(*et(Hl to 
it, • • Fthe potemtial acepunKi by it at any instant I due to a charge Q 
imparted by the* ions, tlut ionisatiem (Uirnuit 


i 


( Ti . ' Jt . / 


0) 


>yhoro V\ — potential at the beginning, and K.j potential at the 



8 


PEWNOMENON OF IONISATION OF GASES 


[I 


end of t seconds. If V hv nunisurod in volts, 0 in continK'tors (c, .s-, 
units of eupaenty), and t in seconds, 

1 C(Vi-V,) , , , 

^ ‘io/r’'- i — (nectrostatic nmts 

ijUU I 


_ 10 

i)d xiixio"' 


o{r,-v,] 

1 . 


iiinporcs 


= ril XTO"'" .(4) 

In modern types of elcudrometcrs (Dolezaltd^, AVnIf, Liiideinanu 
and Compton typ(‘s) th(‘ (capacity is extrcjm^iy small, of the order of 
.10 cms. So the sensitivcinws is xnvy ffreat, ^riins a I)o](‘znlck (de(‘.tro- 
jneter gives a dolliK'.tion of about 1000 divisunis p<ir volt, at the 
rate of one division in 10 seconds. 

An nrrangennmt of apparatus for tli(‘ use of electroscope in 
ionisation experinn'iils is shown behnv in 5. 

Z — liotl for'(!barging tlio gold leavt^s, 

P, rr Upper plafcf! of the ionisation chaniher, 
which is in metallh^ contact with tlm 
gnj<l heaves. 

P 2 ^ Lower plate, on wliich the active siih- 
stanco is spread. It is connected to the 
positive pole of a battery, the nogntive 
of which together with the body of tluj 
ionisation clmiuber is earthed. 

Tints a dillercnce of potential is maintained 
between P| and Pg, ami as the ionisation current 
flows between them, the leavers of tluu?l(!etros(;op<j 
receive additional <5harg(}s, under wlih!h th(\v 
continually diverge. The rate of ninv(’inent of 
the leaves can be read on a scale h(>hiiid thmn 
througlt a suitable window by means of a t(d<‘- 
inicroseopc, As In electrometers, the natimil leakage of tlu^ instrument 
must he nIlowe<l for, uiu] a (jalihration curve imiy be used, 





^riic above aiTang(anent is kmnvn as tlic “ iononieter Tlu^ 
elmng(5 in ptiPaitial oeenrring in n given iab'vvnl of time <‘nn Ix^ 
known from the eluinge in dell<K*-tioii of the Icmvcs during tin? interval. 

'^h^^ scm.sitivem'ss of tlu^ el(>ctro.stM)pcs is also very great, ^riuis 
in most (’ases (h(‘y give a dodet^tion of about 200 divisions p(m volt, at 
the rate of one division in 10 seconds. In an actual experinumt, a 
brass eh'ctroseopo of voluin(‘ one litre showed a full of ])o(;ential of (i 
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KLIiCTltO MIST lilts AND liUiCTROSCOVES 


volts ill 0110 hoiii'. Its oapncLty wiis ono ooiitiiuotiu’. So tlui ionisation 
oiimuifc noconliiif; to (iqn. ( 4 ) was 

. :i;i.i xio'“Xl! 

' "" lUiOO ’ 


rOX 10 ' nmpmw, 

Mollis iM thn oi’clor of tho cniTcnt numsuviiblo by iiu (^loctro.stiOiM^ 
or an (loctL’omot<n'« ^riui ob^olroHooix^ ban u Hinullor (uipn(‘ity ^^ban an 
ol octroi IK',t(n’ ; tlu^ fornujr is tb(n'(yf()V(^ inov<’. oavrcait H(aisitiv(^ tbiin ibo 
latt(H*, Ibittbo voUa^c scnHitlvoiK?HH of the two iiiHtrumont^^ in in ibo 
rovca’.so ord(a\ 


S, Other Types of Electrometers and Electroscopes* 

Many Hpociiil fornns of (^(‘(‘Iroiuotc'rH and (jl<‘c(r(^H(‘()i)CH lmv(^ been 
(l(‘viHotl by varioiiH work(U‘M for H])(’(dal ])nvi)o.s('a. W(^ hIuiII fjjivo 

a brief ac(M)iint of tlio moat important of Mnan. 

Jt'kclrosvopes: (/) The Tilted AYr/?- 
lro.‘i('ope.’--A particularly HoiiMitivc clce- 
troHcopo was devised by 0, T, 11. AVilRon"’ 
for nioiisurini^ ioniHution (nirronts which 
\uv HO fo(d)lo tluU tla^y tlo not a<bnit of 
a<t(airato nKniRunancnl; by olc(*ironua;or8, 

This is known uh AVilHuids ‘ tilkuV’ 

(IcctiOHCOpo, and in nhown in Fi^. 0. A 
sin^do foil of ii thin ^nbl leaf L \h 
altiK^lied to a conductiaft: rod H, The 
whob( U nioinitcd iiiHitloabraKH cbanibor 
throuKli Hiilpbiir hisulntion. An inmiliit- 
(kI plato P is plac(‘d close to tho (jpiKmito wall of ibn <'.lianil)cr and cbiirK<‘d 
to (i constant poUmtial (^onorally 200 voUh), T\w entini chiunlaT is )( 0 ]it 
in an iiudim^d iiosition relative to (bo laiHO, and the anj^dc of inclination 
is adjiistabb^ Ftir ii f^dven )iot(?ntial of tbo plato and a c<»rtain critical 
incliuaLioii of tlio cliainbor tlio j?old leaf is jiarticularly luislnblc, A litllc 
below this point tbo instrument has tbo maxinuiin scnsitlvcncHH. In a 
parti(!u]iir experiment witli a potential of 207 voK^ on tin* iiliit<\ the crlti(‘iil 
tilt waH found to bo n0“< 

After adjuHtin/;^ tlio tilt of tlio instnnm'ut tlio gold leaf Ih oartlRid 
and a uiicroscojio jirovideil witli a m\h in tlio oyo-pieco iw focUHRod on 
tho leaf so that it lests on tbo zero iioBitioii of tho acalo. Tlio loaf is then 



* 0, T. R, Wilsoin Proe, nnnh. Phil Soo.y 18,11)5, 1901). 





KJg« 7. \Vwlf»H KUiolroscoiMi, 


Vlgi8, DolovtntiiU EIcclvoinotiH’. 


fibiG is lixtid on mi insulating support S and its lower ends arc strotelmd 
together by a quartz^ bow B. The sourco of potential (one plate of the 
ionisation chamber) is brought in contact with tlio fibres. This (muses n 
movetnent of the fibres that can be observed under a niicroscopo. Tliis 
armngemont is specially suitable for measuring ionisation current at 
sea, as tlio inovoinent of the fibres remains unaffectedt by tiui motion 
of tlio ship, 

Other forms of sensitive electroscopes have been desigiutd for tlui 
measuronient of ionisation current duo to radioactive radiatloiiB. Those 
are known as a and 7 -ray iiiid emanation electroscopes, and they will bo 
described later in the chapter on Radioactivity. 


* Wulf, Fhys, Zeiis., 8, 246, 537, 780, 1907; 9, 1090, 1910. 
I Simpson and Wright, Proo. Pop, Soc, A, 86, 175,1911, 
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Elp,ctro}mtr.rs,--Thi} (^Int^fcmsoopos dcHcnbod nbov(\ very sonsitivo, 

uro limilifld in i\mv rang'n of applioafcion. In Miis Uio olc^otromoiors 

uro vory uHofiil, they can bo uatHl for a largo imiigi) of oiirroiitH. Like 
ol(!clro8fiop()K Ulo (di^otromotors have also ronnivod varion.s 
in tbo Imndn of didonaU workova. Tlu^ iniportanl; iuuong thoso aro 

(1) The Dol&xakk Ekdromeler.—'Thd Honaitivo form of quadrant, 
olcoiromotor oominonly iinod in ioniaation moaminmKmts \h that dovisod l)y 
Dolozalok* Tho instrument IS shown in Figf, 8. In this tho noodle is made 
of silvoroil pai)or and is conacuiuontly via‘y light, It is snspondod by a lino 
quartz fibre, and lies fairly (dose to tbo (luatlrnnts, Gonornlly the sensitive- 
noas of a (piadrant tjbMjtroinoUa’ inoroasoa to a maximum for a critical 
potential of the noodle, and then it decreases witli Curthor riso of potential (sco 
curve, Fig. (1:). In or<ler to take advantage of this condition tbo neodlo is 
clmrgcul to the (;riti(u\l pot(intuil, Oii account of liglitmiss of the needle and 
its cloaonoHtt to tluj ((uadrants, it a<its as its own damper. The soiisitivonoss 
attained is vory high, vix,j the order of aovoral thousand divisions per volt. 

{2) Ooniplon JClcetromekr.—A. 11. Coniplont desigmxl an electro¬ 
motor (Fig. 0) winch is essentially a I)olezalok electromotor of which tho 
nocdlo NN is slightly tilted along its axis, and 
one pair of quadrants Q is a little below or above 
tbo piano of tho other. These mudifksations have 
been found to grcaitly onhanoo tbo semHitivenoss 
of tile instrument which amounts to as much as 
15,000 mm. per volt. The tilt and the olovations 
introduced arc so slight that these ilo not materi¬ 
ally aireet tho uniformity of smile deHc{',tion, or 
rapidity of taking nmdings, On account of in- 
enmned HonHitiveness, the instrument is, how* 
cv(ir, ratlua* ilifllcult to handle, ex(;ej)t in the 
hands of experienced workers, 

Tim Compton HU'Oti^omelDr. 

(i!) The fJnikmnnn Plkolromdcr, —'I’lio Limiummin lil.ujlroniotort is, 
iwi'linps, tl.« numl, coiivonimit form of dcolroiiKaor will. ii Hoiisitivil.y 
ill no way inforiar lo (;ho Doloznlak typo of inKliiimciiti ami yot requiring 
pruotically im adjurtlmonliH which aro often ko oumhoraoino with tlio 
latter. lioHitloH hoiiig Bonaitivo ami handy, it hna tho fnrtlior advtmlago of 
poSHOBRing a vory Hinnll capacity (iisiiully iihont one or two contimotorB) 
and a vory low jioriod, bo tlint it is vory oonBitivo not only to vory low 
potontialtt but oIbo to very ininuto currontB, and may bo used in oiibob 


* F. Dolor-nlek, Verh, d. Jt), Phys, Oes., 3, 18, 1001. Zlsehr, f Imlr. 
21, 846, 1001. 

•(• A. H. Compton, Phys. Pm., 14, 68,1010. 
t Lindemunn, Phil. Mag,, 47, 677, 1024, 
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FItf* 10. Tho r^udemuiiii KJ«oti'Omcior, 


wiuu'o mpiiHy pofcontuils or ciuTOuts ni’Q .to bo dotectotl. luirthoi', 

tho Liiulcnmmi Electromclier gives readings whu5h nve praetically (luUo 
independent of tilt, neither the sensitivity nor the position of zero Ixdng 
appreciably afFccted by this process. 

The principle of the instriiinont is jnore or loss th(j smnii as that of 
the quadrant olootroinoter. It consists of four croHs-connecto<l plates 

(Fig, 10) A, A and B, B 
^ » with pianos porpoiiilionlur 

_—_ N to the plane of the paper; 

^ ^ tho needle NN, wliudi has 

the shapo of a very thin 
cylindrical pointer, is 
suspended at its ceiiko 0 on a hrsion fibre in such u >vay that it cun 
rotate bo tween the plates, that is to say, tho torsion fibre is placed p(U’- 
pondioular to tho needle and parallel to tho jdano of tho plates and 
therefore pia'pondicular to tho plane of tho paper. It is fixed at hotli 
oiids on tlm tips of a rigid U-shaped frame (not sliowii in the 
diagram), Tho whole thing is enclosed inside a sjnall cylindrical brass 
box provided witli two lioles on the plane fueos covtu'ed with micro- 
scope cover-slides through which to observe tho doflo(!tioas of tho needh*. 
This box may he mounUal on a vortical stand with its plane fneus vortical 
ami tho motions of tho einl-point of tho neetllo may coinamiently la^ 
observed with a suitable microscope also attached to tin? stand, It is, tlnu'c- 
fore, evident that since no mirror is attached to the necdlo and it is itself 
very light, the moment of inertia of the moving parts is extremely small, 
Hence, in order to increase tho flensitlvity of tho instrument wo may nm 
a very small torsional couple without any dang('r of allowing the iK‘ri<id 
to becomo large, which, in these instrauumts, is of tlio orihu* of a few 
hundredths of n second, 

The mode of using tho (deetromefeer is illustrated in the adjoin*• 



Ing diagram (.Fig, II), Potential to tho plates A, B is applied by means of 
abattpry E through vory liigh safety reBistances E, li (about one megolmi). 
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TUN STRING ELECTROMEITNR 


Wilih tlio lu^lp of (iho connnutafcor 1\ j, w. nmy c-hiu’i^n) tlio pinks or vmi\\ 
Uinin UH \v(^ pIouHo, Sitniliirly, lihii nmlle nmy [)(» oitlK^r ourtlujd or <iomu!oto(l 
lo a Hoiinjo of potoiifcial by iiHuins of Lhu k(iy Kg. Tho rlajostut; 11' 

Horvos l:o nitiko ii(ljuH(;inoiUH in t!io value of l;lio jmliontial of oias pair 
of {juadraniH li H. It Ls iiiiporUut to uoto iii this {joniiootiou tliiil; under ideal 
(jonditiouH tho ii(^(h11o, if (jartlual, should not di^lloot, if tluj iilato A is as nnioli 
ahovo ns B is holow tluj potential of tho ihkuHo. ]hit owin^MiO soino buoIi 
( auiso ns iniporfoct synuuotry of tho ikuhUo wifcli nispeiJt to tho plates tho 
rulutivo [K)tontials of tin? latter witli rospeust to tlio noodlo will have to ho 
ailjustod by oiian^riu*»’ tho potential of tho middle point of tho battery, 
in ordta’ to briiiij tlio noodlo i)aclc to tho ziu'O positioji. When tins is 
done tho instrument is ready for use. The sensitivity of thoeleotronietor may 
h(j varied within wide limits hy <5han^’in^MJm value of tho fadd. Of oourse, 
tho ol)sorvcd doilootions will deiumd on tho ma^^nifyinpf power of th(^ 

inicu’osijppe, but it is elaiunid that [johmtiuls as low as ji^r-th of a volt 

may lj(} d(itoet(}(l. 

(*)) The Stwiif Mleeimmeier ,—'.rhe (dtnitrosoopes and (Jeotroimitei's 
iloseribed so artj nut suitable for measuring 
rapidly varying ionisation currents, for, tlai sloiv 
inovonumt of the needle cannot k(‘ep pace ivitli the 
liigh fre(in<aioy of altm*nation of tin’ currents, A 
single fibre (?h*ctronmter has beoji devised by La by,* 
lOlster and (•foitelt and othorst for this purpose. 

Tlii^ principliM)!'this instrument is shown in Fig. 12. 

A single platinized <iuarU iihre L is susptmded 
centrally hittWism two parallel im^tul knife-edgeH K,K 
which are chargcsl to equal ami opposite potentials 
(about 200 volts). On giving a vni)idly varying charge 
to tho libro it vibratos with some freipioncy due to the 
attnuaion and repulsion of the knife edges. Tho move¬ 
ment <!an 1)0 roproducud on a revolving photograplue 
plate. Tlijseluetremeter is specially useful for studying 
tliu rapidly diseontinuouH ioniHation due to the emission 
of (X and ^ rays from radio-aetivo botlics. 

TIu) HIdnjf Kluctronu'ier. 

A conjj[:im'ison of diHoreiit typoa oJ' clccti'omotcra iiml 
olcofci'oacopea desoriboil above kaa boon aliowii in tho following 
table 1, 
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Table 1. 

CoMPAuisoN or THio Sknsitivknicss or DirrKUHNT Typkh 
or Mea8urino Insthumknts. 


Iiistnimeiit 

1 Seale Division 
=Volta 

Mctlmd of 
Observation 

Cnpaoity 

Wilson’s tilteil elec¬ 
tro scop 0 . 

n.io-" ... 

Micrometer inic- 
roscopo 

A few cms. 

JSIster and Goitel 
electroscope 

3.10“" ... 

Microscope 

2 cm. 

Wiilf electroscope ... 

1.1 

Microscope with 
scale. 

3—d cm. 

Dolezalok olecl/romo- 
ter. 

1.10'“ to ].ur‘ 

Telescope with 
scale, 

no cm, 

String oloctroinoter... 

1 

Miero.scopo ... 

d—10 cm. 

Compton olectrometor 

6.10'^ ... 

TeleH()oi)o 


Lindomann electro¬ 
meter, 

4.10’< ... 

Microscope ... 

1—2 cm. 


6> Nature of Ionisation : Variation of Ioniaation*Current 
with Voltage. 

Wg shall now return to a closer study of the phenoineuoii of ionis¬ 
ation of gases treated 
in § 3. It has been ex¬ 
plained there that in 
order to observe the 
current due to ionisation, 
it is necessary to apply 
a steady potential dilTcr- 
onco between the plates 
of the ionisation cham¬ 
ber. The magnitude of 
the ionisation current 
is found to vot’y in n 
characteristic m a n n o r 
with tlie variation of the 
applied potential. Tliis is illusti’ated by the curve in Ilg. 1.3, in 
which the ordinate represents the ionisation current and the abscis-sa 



Fig.IS 

YaHaUon of lonlsntton oorvont with potontinl. 
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trlio nppliod voltago. It is found tliat at first tho ciiiTont incroasos 
iilinoHt linearly with tho volta^jo, tliou tho rato of incroaso slows 
down and ultiinat(fiy a steady value is roacluKl, after which tlio current 
do(^H not furtlier increase with increase of the potential dillerence. 
At this stn^(i the ciiiT(nit is siiid to be minraM, '^riiis efiect is 
illustrated by the horizontal part of tlu', curve in Hi. 

Tile plioiioinenon reooivos a siinph^ cjxplaiiatiou on tho ionisation 
theory. The action of the ionisin^^ a|?(mt is to break the ftiis particles 
into negative and positive ions througliout tho volume of tlio ionisation 
cliaiubor, and thus to prodiUM^ ions at a definite rate. Hut the ions 
are c.oustaiitly moving about within the chamber and ixiv. frequently 
colliding with one another during their motion. As a result, some of 
tho positiv(^ and negative ions are recombining into neutral gas 
particles. So l)efore the application of tins electric field tin? number 
of ions produced per unit volume gradually inenutses, but finally an 
(Kiuilibriuin is attaiiuid wluai tlio nuiubor of fresh ions produced per 
.se(mud is exactly equal to tho number lost by rocombination. When 
tho oloetrie field is applnul, the positive ions begin to move towarcls 
tlu^ negative plate, and tho nogativo ions to tlu^ positive, If the 
applied voltage is v<n’y small, tlu^ ions would take a (ronsiderablo 
time to reach the plat(^s, during whieJi most of theni will be lost 
by r(MM)mbination. 8o the ionisation cuiTeut will be very small. 
On increasing tluulifiernnec of potential the ions will gain in speed, 
the rcK^ombination will bo Ujhh, and eonscapumtly the iouisation 
current will increase. 'Phis process will go on until the applied 
poteuiial is so largo that as soon as tlu* ions are formed, all of them 
ar<s inmicdjat(fiy reinov(ul to tlio pliit(‘s and tli(u*e is scarcely any 
iimo for recombination, hhirtluir iiicreast^ of potential cuimot iiicrenso 
the ourriuit any further. '^Plus eorr(wi)OiulH to tlu^ constant saturation 
OUlTOUt. 

BohmIch the rah^ of reconibimUion, and tho velocity of tlio ions, tlm 
salunition poUiutial depoiuls also upon a nuinhor of other conditions. 
Tims the Hjitumtion voltage inevensos with the inereaso in tho distaiuie 
botwoou the plahjs, and for a given disttuice botwoon tho plates, it inevonaes 
witli the ijitousity of ionisation, ami fur a given intensity of ionisation it 
dituinishoH rapi<Ily with tlio loWijnng of the gas pressure between the plates, 
Tho full in tho value of the satumtion voltage with fall of pressuro is duo 
to two causes, Firstly, tho lowering of pressure deereasea tho ionisation; 
and socoiully, the velocity of tho ions incroasos which dinunislios the rato 
of recombination. Both these factors cause the satimUion to take ])la(;o 
at a lessor voUtige, 



16 


PHENOMENON OF IONISATION OF GASES 


[I 


Townsend* and von Scliweidlort have shown that at very loir 
pressure the nature of the variation of ionisation witli pot(‘niial is 
very different from that at ordinary pressure {r,g., one atinospluM-c^). 
The curve in Fig. 14 represents the nature of tlie variation of eiirrcnti 
for air at a pressure of 2 mm, duo to ionisation by X-rays. I t is ol)S(‘rv- 


ed that witliin a certain 
limiting voltages tlie 
ph enoin on o n is si in i 1 a r 
to ordinary ionisation 
at one at.inos|)liercs pr(‘S- 
siirc. Q'lvis is exliibited 
by the ])art OiVIi of 
the curve. But as tln^ 
voltage incr(uis(‘s be¬ 
yond this critical valiu' 
(corresi)onding to B) 
th e ionisatio u (uirrent 
increa.ses, at. first slow- 

^ ly, but very soon v(u-y 

ELECTRIC FIELD *• ‘ 

14. TiKM'OTupicto ionisation curve. rapidl}^, uivtil tnc Cur¬ 

rent is so great tliat a spark passes between the two electrodes, Tlie 
niinimuin x)otential at which the spark passes is known as thci Sparldug 



Potential. To explain this phenomenon Townsend assumes that if at 
a very low pressure the applied potential exceeds a certain limit, the 
ions begin to move so fast that they ionise by their impact the air 
molecules which tliey encounter in thxvir way. This [ihcnoincaion is 
called the wnisation by eolJ/mons. At first only the negative ions tak(‘ 
pai't in the process on account of their greater eiliciency in this r(‘sp(‘ct. 
Th,e fresh ions cause a slow increase in the ionisation cnnxmt. But if 


the ])()tcntial is still furtlier increased the positive ions also tak(‘ pari, in 
tlui process and the ionisation current increases very rapidly. This is 
shown by the part BC of tlie curve. Finally, thti conductivity of iho gas 
beeuiries so gr(uit that electric charges actually jump from om^ oUv- 
trode to another, just as they pass through a conductor. ] I(‘r(‘ the 


sparking commences. 

It has been found that sparking potential is directly irroiicirtiiiiuil 
to the pressure of tlie gas. Thus for air at atmosplieiac prcssur(‘ it is 
about 30,000 volts per cm.; while at a pressure of 1 mm. it may b(‘ a^s 


^ Townsend, Phil Mag,, 1 , 79, 1901 ; 3, 557, 1902. 
f Von Schweidler, Wien Berioht., 108, 27B, 1899, 
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Hmall as 40 volts p(‘r centimetre. The exact law of the variation of 
sparking potential with pressure has been given by Paschen,* who, 
as the result of a large number of observations, concluded that the 
sparking i)otential is a, function only of the product of the distance 
between the electrodes (the s|)arking distance) and tlie pressure of the 
gas, or, in otlua’ words, of the mass of the gas in unit area between 
the electrodes. 41ns is known as law. 


7, On the Physical Nature of the Ions."—So long we iiave 
been talking of the ^ ioas' in a, ratluvr loos(‘fashion. We liave not 
delinitely stated whether tii(‘y ar(‘ mohnuiles, or clusters of molecules, 
or something smaller than molecules. The early investigators sta.rt(‘,d 
with similar vagu<‘ ideas, which became clearer as (htailed inve^sti- 
gations were' carried out on the motion, diffusion, and th(‘ (tiargcis 
carri(Hl l)y the ions. Ho w(‘ shall begin with a brief a(‘.<‘0unt of tluise 
early investigations and tluai see wliat light tliey tlirowonthe |)hysical 
nature of tlie ions. 

Mobility of lows .—When the Bpac(‘. in which ions arci formed is 
subjected to a uniform e.m.f. the ions are subjected to a force eX^ wliere 
X is the field stemgth. The ecpiation of motioTi would b(‘ 


di^x 



e,X 


wlier<^ is a fri(‘tional term, which oppoBes motion. If tins be rather 

small, and can bc^ neglected, the motion becomes a(a:‘.elerated. If, 

on the other hand, a is large, we can neglect fa and the motion 

be(‘()m(‘,s uniform. A<*tiial obeervations showed that tlie motion of th(‘ 
ions is uniform and proportional to the applied field, Thus tlu^ se(U)nd 
assumption is (‘.orrcHd. In this ease, the final velocity 

«/cx.(5) 

(U v 


i.s foiiiul to he, proportioiiul to the field-fltrength ; and to the v(iIo(‘ity 
ohservcal when A'=-1, the t«!nn ‘ itiohility ’ is iipplif^d. Tims in eqtia- 
tion (5) /,• stands for mobility of the ions. The reason for this kind of 
motion is t hat th(> ‘ ions ’ ar<’ large clusters of moleeuh's, and, as they 
inov(' through the gas, th(‘ir motion is impeded by large, forces of 

Pasehen, IVirtl. Anh., 37, 79, 1889. 

P.? 
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viscosity. The mobility can be experimentally (l(‘h‘rmiiHM{ in variniiH 
ways, of which two are described below 

(i) Rutherfordss Method, -Rutherford*'' determiniMi thi* inl^tTvnl nH|tarf*d 
for the ions moving under a known electric field to travel a given distaner 
directly by the following arrangement (Fig. 15). 




Fig. 15. Rutherford’s arrangement for the determination of inobllU,v of Ino*- 


A, B is a pair of parallel metal plates enclosing the gas iinder inveHti* 
gation. 

E is a battery whose positive terminal is connected to B, anti thi^ neg}i- 
tive terminal is earthed. 

K IS a make and break key, which may be of the form td* a in<tviug 
pendulum, that closes the circuit between the plaU‘ A and it 
quadrant electrometer Q at one point of its path of oscillation. ^ 

T IS an X-ray tube. It generates X-rays at a known rt^mlar inh'^rvalt 
on account of the making and breaking of the secondary circnil 
of a transformer which feeds the tube by a similar ptmdtdum 
arrangement. 


C is a thick screen of lead, so placed between tlie plates and the X-ray 
tube that the gas in one-half of the space only hetwewn the plaU'H 
can be exposed to the action of X-rays. 


. produced intermittently, and tlu^ (dectroni.-ter 

b.,«8 cksed ..a ,p,„ea at . 

d.i«,„8b.t.e.n to..op„a...a.. (1) th.a.Min...,, „f to X.™y pi, 


* E. Rutherford, Phil Maq., (5) 44, 429, 1897, 
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circuit, and (2) closing* of tlie electroinetor circuit, can be adjusted. But in 
order that th(‘ (d(‘(d;rometer may give any (hdection thetitne interval Ix^t.wexai 
the two i)roc(^ss(‘s must he at least equal to that required for the ions to t,ravel 
from the dotUxI plane to the plates. In actual (^xpcu'iment the time interval is 
gradually incn^ased. If / ~ t.he criti(‘al time interval, 2d == distance between 
the plates, and V — tlu^ai)plied potential, the mobility of the ions is given by 


cm./volt per cm. 


In one of Rutherford’s experiment, / -= O’BO sec., F « 220 volts, 
d = 8 cm. These give k « TO can. per se<% 

(u) Method,---RiiihvxforiVB method has now becm rephuHid 

by a more accurate nudhod dim to Tja.ngevin’^ (19{)3). Tlie i)rincii)le of this 
method may be und(‘rstood from Fig. 10. 

A, B is a pair of parallel i)lates as in RutiKU’- ^ ; 

ford’s exi,")eriment. [ • 

T is a X-ray tube. A single instantaneous flash ^ 1 ^ 

of X-rays from T ionises tlie air between » 

the plates. 1 

A potential difference is maintained between A ^“1 ^ 

and B. At some convenient interval after exciting the 1 

flash the direction of tlui a,pi)lied electrics field across | 

A, B ('.an he reversed by mc^ans of suitable switches. 

Suppost' h’l “•» mobility of tlie i)ositive ions, « mo- 
bility of n(*gatiV(»- ions, and A' th(‘ eh'ctric field. 

Huppos(; now that starting witli A at tlie |)ositiv(^ Lnn g:(,*vliCH »«txi i. 

potential and 1^ at. tlu^ ru'gativi', the ficdd is nverscxl 

afhn* t s(‘conds from tlu^ Hash. By tins time all th(^ |)ositive ions within a 
distaiHX' A*i A7 from tlu^ orig*inal in'gative plate B have reacluxl tlu^ latt(n\ If 
J area of the plah^ and // ■ number of ions per tlu^ numlxa* of positive* 

ions thus nwdung // is ///l/iqA7. Similarly the number of negtitive ions 
reaediiiig A by tliis tim(‘. is nA/c^^L Thenj will thus be left 2ft>Ad.--nAk^Xt 
lugativc? ions in tin*, space, htdwixm A, B at the instant wluai the fitdd 
is r(V(‘rsc(l, On nwersal this number will reach tlu^ platen B, imparting to 
it a total neg’utivc^ (diargt^ 

() e (2nAd-'-nAk2Xt)—enAkiXii 

If tlu‘interval afUa* which tla^ reversal 0 (H*urs is gradually haigthencHl, tluf 
net amount of lU'gative (diarge will diminish, mor(‘ami mon^ firstly due 


m rephuHid 
iple of this 


Lnn g:(.*vliCH arrM.« »«txi i. 


* Lanffciviii, Aim. ilr (l/tini. et tk Phyti., 28, 2B9, 19()H. Vdiii/iliiK Ikiiilim,, 
134 ; 646,1902. 
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to the diminution in the number of available negative ions in the space 
at the time of reversal, and, secondly, due to increase in the nuinb^T of 
positive ions already deposited on B before reversal. The diminution of 
Q takes place in a linear relation with time t This is represented by the 
straight line AB in Fig. 17. Very soon the number of positive ions reach¬ 
ing B before reversal exceeds the number of negative ions reaching 




Fiff. 17 

Graphical rcprcsentaiion of <'xpcctciid ji*cNiiUs. 


1%. 17a 

Expcrimcnlal Curve. 


it after reversal, and Q becomes positive (over PB). Let us assumti 
that the negative ions move faster than the positive. Then ultimately it 
becomes so large that all the negative ions reach A before reversal, and the 
charge at B after reversal is only due to the positive ions reaching B befort^ 
reversal. So further increase of / does not increase tlie positive value 
of Q as rapidly as before. This brings a sharp bend in the curve (at B) 
denoting a sudden change in the rate of change of Q. The subseepumt cours(‘ 
of the curve follows BC. The sharp change evidently occurs wdien 
nAd—nAk^Xt 0. Calling the value of t corresponding to this 
we get 


On further increasing the interval after which tlie reversal occurs a time 
will come when not only all the negative charges reach A, but also all the 
positive ions will reach B before reversal. From this instant onwml Q 
will remain constant (over CD). At this point (at C) there will be another 
sharp bend in the curve. This corresponds to nAd—nAkitX^O, Calling 
this value of time ti we get 



. . (7) 
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Since ti and f ,2 known from the graph accurately, ki and /c 2 

can be calculated. A similar <*urve A'B'C'iy is obtained corresponding 
to the cliarge at A. On account of non-uniformity of ionisation the 
experimental curvets ar(‘ not exactly symmetrical, but still slmrp bends 
are obtained whieli permit of the determinations of /•[ and /t’g witli 
accuracy. 

Tin* experimental curve is given in Fig. 17(a), A table (;ontaining 
Langevin’s values of mobilities is given below, (haiotes tln^ mobility 
for the positive ion, and kr that for the negative. 

TM 2. 

COEFFIOIENTB OF MOBILITY OF lONB. 



Cas 

Molecular 

Weight 

/(•+ 

k- 

Hydrogen 

(dry) 

2 

(>•7 

7-9r) 


(moist) 

— 

o’BO 

5-60 

Air (dry) 

— 

vm 

r87 

„ (moist) 

, , ,, 


1*36 

lf)I 

Carbon monoxide 

28 

MO 

1-14 

„ dioxide 

44 

0*81 

()'85 

Sulphur 

... 

()4 

0*44 

0'41 

Carbon t(‘tra(*hlorid(‘. 

154 

0*80 

0-81 

Pent;a,,ne 


72 

i 

0*86 

()•ar) 


Tin* incthodH (‘ini)loy(*{l by (li(Tcr(mt work(‘r8 (Ztdeny/'* W(‘lliHcht 
and otluvrs) are sometiineH vvid(‘ly di(f(‘r('nt. But tin* r(*sulls obtain<‘(! 
an* geiu‘rally in a,gre(mi(‘nt. It will In* smni froin the tabh* Unit tin* 
v(‘lociti(‘s of tin* n(‘gativ(* ions an* gcn(*rully gr(*at(*r than thosi* of tin* 
in>sitive. Idus fa(‘t w^as lirsl |)ointctl out by Zeleny. Ii!xp(*rini(*ntH hav(' 
he(‘-n p(*rf()nn(nl with ionising agents otlier than X-rays. They show 
that tin* ions produc(*d by X-rays, uraniuni radiations, or some other 
ag(mtH mov(‘ with id(*nti(‘al v(*Ic)citieH. It has been found that 
introduction of wat(*r vapour into the ionisation chamber has a, marked 
(*(lc(‘t in diminishing tin* mobility, specially that of the m^gative ion. 

Langevint has observed that tin* mobility of the ions consid(‘rably 
iu<*r<*ases witli tin* decrease of pressure of the gas. The (dlextt is 


Zel<*.ny, /V/d. VVrnev. Ro//. >SV, 4 195, 198, 1900. 
t WolliBch, /m Trans, }toi/. Soe, A, 209, 249, 1909. 
t Langevin, lo(\ (dL 








‘^2 PHENOMENON OF IONISATION OF &ASES j I 

shown in Fig, 18 taken from subsequent works of Lattey/ It 
may be noted that for the positive ions the mobility increases 
linearly with the fall of pressure, but for tlie negative ions the 

increase in mobili¬ 
ty beyond a certain 
range of pressure 
is much m o r e 
rapid.t These re¬ 
sults have important 
bearings on the 
nature of the ions, 
and will be discuss¬ 
ed in § 10. 

8, Diffusion of Ions. —The ions, like the ordinary molecules 
of gases, diffuse to sides in passing through narrow spaces. Thus it 
is a common experience that an ionised gas when allowed to pass 
through any porous material like cotton wool, loses its conductivity. 
This is due to the fact the ions diffuse to the sides of the material in 
their passages through the fine pores, and the sides being oppositely 
charged by induction, neutralise the charges of the ions. Townsendt 
experimentally studied the effect of diffusion of ions by tillowing a 
stream of ionised gas to pass through a number of narrow metal 
tubes, and examining the conductivity of the gas before and after 
passage through the tubes. In this way the proi)ortion of the positive 
or the negative ions abstracted from the beam in the process was 
obtained. From this the number of ions diff'used per second {icross 
unit area at right angles to the direction of motion was calculated. 
This number is called the eoeffieient of (Uffum^^^^ and is denoted by 
D. The coefficient of diffiision of a numlx^r of gases is shown in the 
following table. Column IV represents the coefficients of inter-diffii- 
sion of some gases into carbon dioxide. The significance of these 
values will be clear in §10. 

^ R. T. Lattey, Proe, Roij, Soc., A, 84, 173, 1910. 

R. T. Lattey, H. T. Tizard, Proe, Roy, Sog, d, 86, 349, 1912. 

f An idea of the variation of mobility with pressure for positive and 
negative ions may be formed from the following typical data 


p- 

(cm of 

Bg) 142-0 

76-0 

41*5 

20-0 

7-5 

Ic+ 

... 075 

1-60 

2’6l 

5*44 

1476 

Jr 


... 0-90 

1-70 

3*31 

7*34 

21-86 


t Townsend, PM, 'Bwis, Boy. Soe. A, 193, 129, 1899. 
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Table S, 

OOKFFICIENTB OF DIFFUSION OF lONS. 


Gas 

1) for 
+ ions 

/>for 

—ions 

Observer 

Coefficients 
i’or inter- 
diffusion 
into air 

Observer 

Air (dry) 

•028 

•04^1 

Townsend 



„ (moist) 

•0.82 

•035 




Oxygen (dry) 

•025 

•0396 

V 

•17778 


„ (moist) ... 

•0288 

•0358 

11 



(krbon dioxide (dry) 

•023 

•026 

11 

•142 

Loschmidt 

„ (moist) 

•0245 

•9255 

11 



Hydrogen (dry) ... 

*123 

•190 

11 

•634 


„ (moist) 

•128 

•142 

11 



Nitrogen (dry) ... 

’029 

•0414 

Sidles 




Exixirinicvnts showed that in all cases the negative ions diffused 
faster tlian the [lositivo ions. I^^urther, it was found that the ooe//i- 
HvnLs of rUffnm^^^ of gmes ^oere proportional to thdr 

owhiUties. This rcjsult follows from sirniilc application of the princi¬ 
ples of kinetic theory’' to the motion of ions. Let number of 
ions per cubic centimetre of the ^^as. By the above definition of the 
coefficient of diff usion, tlie number of ions which in one second cross 

a unit area idaced at riglit anj;i:lcB to the axis of x is I) We can, 


therirfore, r(»Kard tli(‘ ions as moving alon^‘ tlic axis of x with a im^an 
velocity of If p partial pressure of the ions at any 


constant t(anp(‘ratur(‘. 7] p^ndl\ wh(n*e B-«p:as constant. Lh(‘ }>ressur(‘ 
p is, thenf’on^ proportional to n. Supposing: ff^vefiocity of th(‘ ions, 
we have tlien 


P iPl 

p (hi 


. ( 8 ) 


* flij 

IJut jj- th(‘ force actini)^ alon^y the .r-axis on unit volume of 

tlu^ ^as. Lh(‘r(*f()r(‘ it follows from (8) that if the ions are i)la<a‘(l in 
a,n ('l(H*tri(‘, fi(fd X aefin**: alonp: the axis of x they will ac(|uir(‘ a, 
velocity in this din'ction, which can be obtained by sulistituting' 

Tbit in, 


U - Xm — 

f 


(9) 
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Since the ratio -- =con.stant, if n be the number of ions per c. c. 
P 


at this temperature at atmospheric pi-essure F, we have ~ ~ Hcne 


U= Xe I) 


( 10 ) 


Thus the mobility of the ions can be expressed as 

. .( 11 ) 

Tliis shows thiit k will be i)roi)ortioual to /), the (‘oefticient of 
diffusion of the ions. 


9. Charge on the Ions,—Townsend compared the charge 
carried by a gaseous ion with that by a hydrogen atom obtained in 
the electrolysis of water or dilute acids in the following manner. 

In electrolysis it is known that one gm.-atom of hydrogen is 
liberated by the passage of 9645 e. in. units of electricity. Assiiniing 
that each H-ion cairies the charge and there are N atoms in a^ 
gm.-atom of hydrogen, 

Ne^ « 9645 X 3 X10 ^ ^ e. s. units. 

« 2*89X10^^ e.s. ii. 


In one experiment on gaseous ionisation it was found that 
I) =* 128, k *= 5'3 cm. per volt per cm. for the positive ion of moist 
hydrogen gas at 15® (-and 760 mni. pressure. From equation (11) we 
get therefore, 


e 


kp _ keT 
Bh D 


and 


Ne^ 


D 


_ 5-3x300x8-3xl0^x 288 
128 

-2*97x10^^ e.s. units. 


* B 

Therefore — 1'03 which is very nearly equal to unity. Almost 

the same ratio is obtained for the ions of any other gas with proper 
values of k and D. This shows that the charge carried by an ion of all 
gases, both positive and negative, is the same as that contained by an 
hydrogen atom in electrolysis. We shall fwther see in the next chapter 
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that the absolute measure of this charge is the 'most elemeri;ta;ry unit of 
electricity mid is equal to c — 4’77 x e. s. lerdts. 

10. Mass of the Ions.—'Important evidences regarding tlie mass 
of the positive and tlie negative ions are obtained from two sources,—” 
(1.) the rate of diffusion of ions, and (2) the variation oi the inobility of 
ions witli pressure. 

It lias been found (yvVto Table 3) that the cH)elfici(ynt of diffusion of 
tlie negative ions is always greater than that for tli(‘ i)()sitiv(^ ions ol 
the same substance. Tliis would indicate that in g(‘neral tiic' i)ositive 
ions are heavier tlian the negative', ions. Tlui coellieitait ot dillusion 
of ions for any gas has also been compared with tlu‘ cnellicicart of 
of tlie inolecules of the same ga,s into th()S(‘ ol any 
other gas. Thus tlie iiositive ions in moist CO 2 have the co(‘llic.i(vrit 
of dilihsion‘0245, and the coefficient of inter-diffiision of CO 2 ioto 
air is *14. According to the kinetic theory of gases tlie rat(‘< of inter¬ 
diffusion of two gases is inversely propoi*tional to tlie sciuare root 
of the product of the masses of their molecules. From this it appears 
tliat a positive ion of CO 2 is many times heavier than a neutral 
molecule of the same gas. Results on the iiiter-ditfusi()n ol m'gativo 
ions for CO 2 as well as for other gases lead us to similar conclusions. 
From these evidenccjs it follows that an ion at (irdinary iirt'ssures con¬ 
sists of a central charged^iarticle wliicJi attracts round itself a cluster 
of neutral gas moleculeB, and is set in motion as a wliole. 

Tlui above conclusion is not, however, fully supported by the 
results of ionic mobility. It has been stated in §7 that on lowm'ing the 
pressure the mobility of the iiositive ions linearly inc.r(ns(‘s. This can 
be readily attributed to increase in mean free paths of tin*, ion and we 
need not assume that tliere is any change in thevir mass. I\>r m'gatlve 
ions, however, tlie mobility increases much more rapidly with fall of 
pressure than can be accounted for simply by assuming that th<‘. mean 
free path increases. It is, therefore, believed that the lu'gativc^ ion (‘on- 
sists a(‘tually of a grou|) of molecules with a central chargi'd ])arti(‘,l(^, 
as siigg(^st(d by the study of inter-diffusion of ions, and th(‘, group 
gradually disintegrates into smaller clusters as the preHsur<^ is lowivrcd. 

11. Mechanism of Ionisation*—It is now well known that 
atoms of all substances contain extremely small m'gativc'ly chargc'd 
particles called eleetrom having a mass nearly 2000 times smaller 
than that of a hydrogen atom. These electrons play an importaut part 

F, 1 
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in the phenomenon of ionisation. It is believed that tlic actiou of 
the ionising agent is to expel an electron from the molecuh^ of tlie gas, 
so that the latter is left with an excess of positive charge, and 
constitutes the nucleus of a positive ion. The latter may then 
attract round it a number of neutral gas molecules forming a cluster. 
At ordinary pressure the electron, soon after its release, attaclu's 
itself to a, neutral gas molecule, giving to it its negative charge. 
This negatively charged molecule behaves as a negative ion at 
ordinary pressures. But at very low pressures the lib(n'at(‘d 
electron can very rarely find a partner, as the ruimber of gas molecules 
is extremely few. So the electron exists in free states and forms 
the majority of the negative ions at low pressures. Evidences also 
show that under special circumstances it is possible that a number 
of neutral gas molecules cluster round the positively charged gas 
molecule as centre, and the entire group behaves as a positives ion, 

12. Photographing the Ions : C. T. R. Wilson^s Cloud- 
Chamber Method and its Modifications.—Some experiments will 
now be described wliich verified in a direct Avay the hypothesis of the 
production of chiirged ions throughout a gas due to the action of 
ionivsing agents. The method is based upon the property tliat tlu^ ions 
under certain conditions can serve as nuclei for the condensation of 
water drops, a property which has been utilized for rcauh^ring the 
individual ions visible, as well as for counting the mnnlxu' of ions. 

It has been long known, that if air saturated with watc'r V5ii)(nrr 
be suddenly expanded, a cloud consisting of small globul(\s of wat(;r 
is formed. This is due to the fact that on account of adiabatic. t‘xpau- 
sion, the temperature falls considerably and the spac(‘ b(‘com(‘s sujxn'- 
saturated with water vapour. The excess is condens(*(l as parti(6(‘s of 
water forming the cloud. It was however shown by Aitkeu tliat 
if the air were perfectly dnstfree (as can be easily donc‘ by passing 
it through glasswool), no cloud is formed even when th(‘. spa,(*(‘ is 
considerably supersaturated. The explanation is as follows : Wlxm 
no dust particles are present, the excess of water vapour finds no 
surface on which it can deposit itself. Small parti(‘l(\s wlnc‘h are 
formed due to the concentration of a number of watcu* moh^enhss at 
one point evaporate rapidly, since, as Lord Kelvin had shown, the 
saturated vapour pressure over a surface of such Biualhcuivaturc is 
much larger than that over a flat surface. The relatioiri giving the 
difference of vapour pressures over a curved and a plane surface is 
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In 


P'. 

P 


28 M 
r piif 


( 12 ) 


or p — .(13) 

Here j/ — saturated vapour pressure over a surface of radius of 
curvature r. The curvature is to be tiikeu positive if the surface is 
concave to the space, nej^ative wluui it is couv(!x, 8 =- surface 
tension, ^“density, if--the molecular weight and ?'--the absolute 
temperature. 

For a spherical water drop at 27°C), if r=l pp 

2'^'' JL =, -18 _rnF 

r pllT To -' 8-30 X10 ’’ X 300 ' ” ^ 


Since r is negative, over a drop having tiio radius 10“ '^ cm., >2p 
nearly. Hence the drops evaporate as soon as tliey are formed, civen 
if the supersaturation pressure be more tluin double the saturation 
pressure. 

The experiments* of R. von Helmholtz, Richarz and Lenard 
showed that even when the air is completely dustfree, condensa¬ 
tion may be produced by expansion, provided tlisit the space was 
exposed to X-rays or other ionising agencies like ultraviolet 
light or flames. Extended investigations by C. T. R. Wilson sliowed 
that the ions postulated by J. J. Thomson to account for tlK‘. a,e(tuir(‘d 
electrical conductivity of a gas serve as centres of condensation of juole- 
ciiles of water I’ound them. In fact a cliarged nucleus Jicts as a, ccaitre 
of condensation for a smaller degree of saturation tlmn an iineha,rg(‘d 
nucleus. For, on account of a charge e, the system luus a potential 

energy proportional to -- which diminiBheH with incrcas(> uf r f ; 

since the potential energy of any system tends to become minimum, a. 
drop formed round such a nucleus acquires an extra stability (ui 
account of the clnu-ge. C. T. R. Wilson found that if Vi be the 
initial volume of air, F 2 the volume after expansion, the, ne.gativ(^ 

ions act as centres of condensation when 4^ > 1*25, and ilu* 


’**For an account of R. von Helmholtz’s oxporirnents on the (‘oudensa- 
tion of steam in a space subjected to point discharge, see J. J, ''liiomsou 
and G. P. Thomson’s Gonduetton of Eketrmty through Gasca, p. ;ilO. 

t For a theory of condensation on charged drops, see Thomson and 
Thomson, foo. oil, p. 325. 
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positiye ions act ■when tke ratio is greater than tlic^ rjit.iu 

exceeds 1*35, a dense cloud appears even in the a],)seiH‘(‘ of all nuehd. 
By confining the expausion within narrow limits, ions possc'ssing oiil>' 
one kind of charge can be rendered visible as lliu^ drops of (‘hauls. 
Thus when the ratio of the final to the initial voluuu^ li(‘s Ix'twcc'n 
1‘25 to 1*38, the first stage of (rain-like) condensation sc^ts in. Hus 
stage is due to the condensation on negative ions. Wluni tlu‘ ratio 
exceeds this limit, a much denser form of cloud a|)i)eurH, which 
is due to condensation on positive ioris. These are shown in 
Table 4*. 


Table 4 


Gas. 

Rain-like 

CONDENSATION, 

('lAMJIMUKK 
('ONDMNKATION. 

Tinal/Initial 

Volume. 

Super- 

saturation. 

Final/Initial 
Volume. 

Hupiu- 
sn tun it ion 

Air 

Oxygen . 

Nitrogen . 

Hydrogen 

Carbonic acid , 
Chlorine . 

1‘252 

1*257 

1-262 

TB65 

TBO 

4-2 

4*3 

4*4 

4*2 

3*4 ; 

iinf) 

i-B7r) 

1-375 

1-375 

1-58 

1-44 I 

i 

' '■ 

7-9 

7-9 

7*9 
i 7-9 

! 7-3 

1 5-9 


Tke third and the fifth columns represent, in rain-like und clmul-Iik(- 
condensations respectively, the ratio of the pressure of the wiilei- 
vapour actually present in the space to the SHtiimtion pressiin' at 
the same temperature. 

A later form of C. T. R. Wilson^s* !iniv,v.a..u. :. i 
■nv vv j.. xy. vruBons nppaintuK ih .sliowii m 

r‘ expansion chamber which is complo.t(dv <'l(Kscd ami 

cyhnfecaJ m shape, Ifi'S cm. in diameter, and 3T) cm. in h(urh<;. 'j'l,,. 

ase B IS a movable platform eqtuivalent to a piston workii.)f wit liin 

water-tight jomts at the bottom. The space below B u,uy bo put, in 

commmucation mth a highly evacuated vessel D by opm.iuK a valve 

insi^Banrth^'^ ^ ^ wooden bl.x'k.s 

side B and they servepnly to reduce the air space within the <-hamher. 

On openingthe valve C, the platfom A suddenly drops down, (until 


* C. T. E. 'Wilson, Froe. Roy. Soc. A, 87, 277, 


1912. 
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it is arrested by rubber pads) causing a sudden expansion of the 
volume of the chamber. 

An X-ray tube, and an illiuninating spark are so arranged that 
the sudden drop of the platform excites the two in quick succession, 
ijtnd the drops of clouds formed on the ions along the X-riiy tracks arc 
simultaneously illuminated and can be instantaneously photographed. 
The process can be repeated by re-evacuating the vessel I) by 
means of a pump. By employing the radioactive radiations as ionising 



10. 0. r. R. Wilnoti’H cloud-chamber apparatus. 

agents in place of X-rays, the track of a single a or (i-ray can also be 
photographed in a similar way. In many cases it is necessary to 
study the picture of the tracks in space ; for this purpose stereoscopic 
photographs of the tracks arc taken by using two catoeras at right 
angles. 

In photographing some rare phenomena of collision of a-pm'ticles 
with atomic nuclei {vide supra) it becomes necessary sometimes to 
obtain about a million photographs of the tracks, out of which 
one may be successful. In such experiments Wilson\s method, in 
which the state of supersaturation of the space inside the chamber 
cannot be prolonged, proves rather inconvenient. For such works 
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Skimmi* devised an automatic api)aratiis in wliich (‘xpnnsinu'- 
may be rapidly repeated maintaining siiper8a;tirrnti<>n for hnurs 
together, and a continuous series of photogra,|)hs of tln^ lra(*k run 
be obtained. Sliiinizu^s apparatus is shown in 20. 

A is a ('ireular 
glass plate* wliieli 
foriiiH tin* tiif'i erf fin* 
cloud (*lnutilH‘n 

li is tlw* |"»isf4'iii 
sliding along tlir* 
walls of tlic briiss 
cylinders (j(k 

1) is tint piston 
rod whii'li finds its 
way throngli a liolc 
, il, ill tin* biiHi* of tlni 

fig. ao. The Shimizu Expansion chamber. 

a,i)|)iu‘atus. 

E is a horizontal rod passing throngli I) and pinned to do* Lift or. 

One end of E is connected to a horizontal shaft K which <Jri\ on 
by a motor by means of an arm and a link. The .Mni uf K is 

fixed by a pin j) which acts as a fulcrum. Tines as tin- shal'i ntfates, K 
executes a rocking motion, and the piston a reciprocatiuK luotioii, file 
extent of which is controlled by the position of the i)in /* mo as |<t pro¬ 
duce the suitable supersaturation. The operation may be eonfintied 
as long as necessary without interruption. 

By means of a rotating commutator an electrie (ield i.s temporarily 
established over the air-space in the chamber. Tliia lleht M<-rveH to 
remove all the ions pnerated between two sueec'.ssive Hupersatiira- 
tions, and the field is withdrawn every time at (,lu> iiiKtunt, when 
supersaturation occurs, because otherwise the ionK on a traek of 

the ray will be pulled apart by the electric-field and distort 
the appearance of the track. 

^ The moments of admitting the ionising ray.s into flu- cIuuhImt 
excitmg the illumination, and opening the camera for , )holograpln' ,i,v 
regulated by a number of shutters. 

Shimizu has also developed a method for ohtiiinit.g simnltanoouK 
photographs of two images of the track viewed in two <lir.H.tionH 


T. Shimizu, Proc. Roy. Soe. A, 99, 425, 1921. 
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at riglit angles to each otlior on a mov'ing film; by this means the 
orientation of tlie track in space can be determined. Shimku^s 
method lias in general becai employed by Blackett, Harkins and Ryans, 
Auger and Perrin and others in their mnneroiis investigations on rare 
and eon)i)licated collision phcnoniena due to the passage of a and p-rays. 



Fig. 20a- Track of a-particles. 


Blackett* has shown that in Shimizif s method, though very efficien t 
for continuous photography of the a-ray tracks for a long time, the 
tracks obtained are not as sharp and well-defined as in Vilson^s 
original method. The excellent definition of the track evidently 
req[uircs very sudden expansion which was a characteristic of the 
original method. So in his own researches he used a modified 
Shimizu apparatus in which the reciprocating mechanism was replaced 
by simple spring action,. This com¬ 
bines with the merit of sudden expan¬ 
sion of Wilson,^s original design the 
mechanism of repeating it as frequent¬ 
ly as required. The modified part (only 
the spring action) is shown in Pig. 2,1. 

The speed of expansion is regulated 
by the tension of the spring A, and the 
amount of expansion by the adjustable 
screw B. The various operations, 
mx., the occurrence of expansion, the 
admission of a-rays, the illumination, Bkeketo« apparatus, 

and opening of the film camera were carefully timed. It was found 
best to obtain photographs just when the expansion was completed. 

The cloud chamber ” experiments described above are of very 
wide applicability in the study of complex radiometric phenomena. 
A typical photograph of two a-ray tracks from Radium obtained by 



21 


* P. M. S. Blackett, Proe. Ray. Boo. A, 102, 294, 1922. 
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this method is sliowti in Fig. 20 a. The abrupt bending near the end of 
one of the tracks is remarkable. Its significance will be clear in 
Chap. IV. The photographs obtained in nmnerous other cases will be 
given in their proper places later on. 


13. Electrical Counters. —A very sensitive method of detect¬ 
ing the presence of single charged particles was first successfully 
attempted by Rutherford and Geiger* in the year 1908. They fired 
a, beam of a-rays (which are positively charged particles emitted 
by radioactive substances like U) through a very narrow opening 
into a cylindrical ionisation chamber with a central wire electrode, 
the gas in the chamber being reduced to a pressure of about 4 cins. 
The cylinder was charged to high negative potential of several 
hundred volts and the wire was connected to a sensitive quadrant 
electrometer. The entrance of each a-particle prodneed ionisation 
in the chamber which, owing to the low pressure and the strong 
electric field, multiplied itself several thousand times and caused the 
electrometer Jieedle to be deflected appreciably. Thus the nuniher of 
kicks of the electromoter needle gave the number of a-particles entering 
the chamber. 


Pour years later, Eiitherford and Geiger modified their {ipparatvis 
by using a cylindrical chamber with a hemispherical end, a rod with a. 

^ spherical knob at its end serving as 
the central electrode (Pig. 22 ). The 
quadrant electrometer was replaced 
by a string electromotor so that a, 
larger ninnbex of a-particles could 
be detected as soon as they entered 
the chamber. In such experiments, the string electrometer is pre¬ 
ferred as it possesses no lag. 

But the two types of counters described above were not scmsitive 
enough for detecting |3-particles, and Geigerf, in the year 191B, 
devised an apparatus by which it was possible to count 0 -particles 
as well. His apparatus is described below. 


The Q-eiger Poird-Counter .—It consists essentially of a cylindri¬ 
cal brass chamber (Pig. 23) one end of which is closed by a disc DI) 
and to the other end is fitted an ebonite or hard rubber plug C. 


* E. Rutherford and H. Geiger, Froc. Boy. Soe. Aj 81,141, 1908. 
tH. Geiger, Verh. D. Phys. Geaell, 15, 534,1913, 
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Throogh this plug passes a wire WW ending in a fine needle 
point W. At the centre of the 
disc is bored a small hole B so ^ 
that it lies just in front of the 
“point*” This coiiiiter works'well B 
even at atmospheric pressure. 

Altlioiigh tlie iirrangcment of 
electrica 1 connections used by 
various experimenters lias varied, 
yet tlie one wliieli we give bc.hiw (Fig. 24) illustrates fully the 
working of tlie aiiparatus. 

The eylinder is coniu'cted to the positivcepole c)f a, source of a very 
liigli |)otential (up to 20()() volts), while the i)<)int <hH:te)de is Joined to 
a string elcHytroinehu’ and is at th<,‘srunc* tirne (‘iirtlical througli a very 
high r(‘sistan<afR (of th<^ ordm* of K)*’' ohms). When sonn^ source of 
a or P-i)artit*les is brought in front of the liole, the string of the ek'ctro- 
meter is delh^eted intiu’mitteutly, each dellectiou signalising the. 



Tlie Oelger Polnt-Couiiter. 



Hk. S!'i Armiigiitwent for uHlrv)? th<* l'ohit»Cownt('n 

(uit ranee of a parlieh* into th(‘ chamber, I'lms it is [xissible to lind out 
(hfinitely ih(‘ rat(‘ (UiiisHion of the particles from a giviui sample of 
a ra<lio;i(‘{ive siihstaiice. Wlnai an a-psirticle or a (f-partiele reaches 
th(^ Viny strong fiokl nmn* the point, it starts a point discharge! 
(“Spitzonthnlung”) whi^li giv<‘H rise to a flow of (‘hvtrii*, charge 
sulTumnit to <*aus(* an :ipprecbibh* dclieetiou of the ehadronater. By 
tin*-, time another rush of currmit tiikcH place, this ehargi^ leaks away to 
the (*a,rth through the high resistance* 

F. 5 
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Instead of using an eleotvometor for detection, various other 
devices such as tolophone-receivers, electroscopes and very sensitive 
galvanometers have been used. The modern method is to employ 
some sort of a vacuum tube amplifier and then to use a loud speaker 
or some self-recording device, a sensitive relay. An example of 
a very simple arraugoinoiib of this type is shown in Fig. 25. The posi¬ 
tive pole of the anode battery is connected to the plate of tlio trinde, 



while the negative pole is joined to the filament and earthed through 
a sensitive relay R which operates a local circuit L.C. actuating 
the clironograplx pen P. In tliis way wc arc able to obtain a per¬ 
manent record of the a-partides or p-partides. Usually a tlircc-stfigo 
vaciiiiin tube amplifier is quite snffleient for this purpose. Voiy 
recently an " Automatic Adding and Registering Machiuo ” lias boon 
devised by Noufeldt and Werner* to bo used with Geiger Counters. 

One very important fact about Point Counters wliich is not very 
well understood is that their successful operation is very much depon- 
dent on the nature of the point employed and the point requires care¬ 
ful preparation and preservation in order that it may perform its 
function properly for some length of time j otherwise it may work 
only for a few hours and then bo rendered useless. Another dlfiiculty 
experienced while working with counters is caused by the appearance 
of * stray discharges” or “natural distobauoes,'^ discharges oven 


* Noufeldli and Wonier, Phys, ^eits^^ 32, 453, 1931, 
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wli()i\ ovicleutly there is no riicUoixctivo suhstiiiico in tlio noighbonrhoocl. 
They may be due to the a-piirticlos from the enuinatioii in the hir, or 
radiations from the material of tlu>- conutiiiK chamber, or penetrating 
Y-rudiatious from tlic earth and other sources, and also to imperfect 
tiecdh'. ])oinls. '.I?h(! results of rt'searches carried so far, though not 
very dcilinito sexsm to lead to tlu! conclusion that vetry line platinum 
points or v(jry minute platinum glnhules thoroughly cleansed with 
alcohol and carefully heated ais^ most suitabl(( for use in Point 
Countoiu 

'rhe clibct of the siaes of tho chambor and the point, of their 
material shape and disposition, and tin* indueiico of tho gas inside 
the chamber, and its in’ctssure, etc., have been investigated by several 
(fxixoriimmtors, but tluuv individual rxisuits are so inconsistout witli 
each other that it is veny dilllcult to say anything dcdnitoly about 
tliem. And the various observers hav(! built dillerout theories—none 
too flutisfactory to explain the phenomena observed by others—on tho 
basis of thoir own observations. As an example of these controvorsios 
may bn mentioned tho fact that wlulo Kutzner* explains the principle 
of action of tlio counter by supposing the formation of a layer on tho 
chamber surface, Geigorf thinks that a layer is formed not on the 
chambor but on tho surfneo of tho point; but ICmoliust explains it as 
a purely ionisation phenomenon. And yet anothor workoi*, Ourti88§, 
thinks that a layer of gas is dednitcly f(»rmed round the point. 
Blit whatever may bo tho processes ooenrring inside tho chamber, tho 
counter in the hands of export observers has been, up till now, a very 
useful instrument for various kinds of measurements in radioactivity. 

vSinoe the Geiger counter can detect individual ct-partiolos and 
P-particlcs, it should be able to detect Y-rnys and X-rays also, for 
they produce secondary electrons ivlien they fall on matter! and in 
fact, tho counter has been utilised successfully for tills purpose. 
On tlie same principle ultraviolet light can also bo detected with 
tliG lielp of a Geiger counter. Ifurther, this instrument has been 
employed for counting and determining the range of H-particles II, 
and for counting slow cloctronsll. 


■" Kutenor, Zeits, f.Fhm,, 83, 117,1024. 
t H.Goigor, Z&Us. f. Phtis., 27i 7,1924. 
t Emelius, Proo. Camb. Phil. Soo,, 22, 676,1026. 
IL, F. Curtiss, Pliys. Pev,, 81,1060,1028. 

, Sohmutzor, Pliys. Zeiis., 88, 246, 1997. 

•I Horiibostol, Am, d, PhySt (0), 8, 991,1931. 



36 


01^ OlP dASIiS 


[i 


14* The Geiger Tube Counter*—Iu,1028, Geiger and Mxillor*^ 
described a now forjn of counter now sometimes known iis the 
Goiger-Miiller Tube-counter* It is many times more sensitive tlian 
the Point-Ooiiiiter and has tlioreforo been used to detect the radia¬ 
tions from substances which sliow only very weak radioactivity* 
Thus with the help of this tube counter, it has been possible to detect 

^ the radioactivity of I-^otnssium and 
Uubidiiini, also of lierylUum and 
Samarium. This apparatus (Fig. 26} 
consists of a cylindrical metal 
cliamber along the axis of which is 
„ stretched a fine wire passing through 

hill'd rubber plugs which close 
the tube iiir-tiglit, luul the chniubcr is exhnusted to a prossure of 
about 4 or 6oin. Although G-oigor and Miillcr origuially believed 
that the counter would give iutermittetit discharges due to the rays 
only if the centoil wire bo coated witli n sonu-insulating layer, it has 
now been definitely estiiblislied that even a bare wcll-polislied wire 
servos the purpose equally well, and that no such preparation of the 
wire as is necessary in the ease of tlio “ Point” in a Point-Counter is 
needed liei'o. But it has been found tliat the Tiibo-Counter does not 


work properly if oven traces of moisture are present in the counter. 
The gas used has therefore to be dried thoi'oughly by passing through 
sulphuric acid and PjOb. Many of the difficulties which arc met 
with in tlio case of point counters are experienced with tube counters 
as well and tlie same remarks apply ns regards the results of various 
workers in this field. But while the oporntioii of the tube counter 
is not affected by the nature of the surface of the wu'e, it is certainly 
influenced by the irntm-e of the uuier surface of the chamber walls. 
On the basis of these observations L. F. Curtissf has proposed a 
theoiy which claims to be consistent with the present-day conceptions 
about ionisation. Whethei’ tins theory will stand the test of further 
experiments it is very difficult to say. 

The method of using the Tube Counter is very much similar to 
that described for the Point Counter, oxceiDt that in this case the 
counter is made negative with respect to the centi'al electi'ode. An 
amplifier and loud speaker or some self-recording device are usually 


* Geim'and Muller, 29, 839,1028. 

t L. F, Curtiss, Bureau of Standard Journal, 5, 116, 1930. 
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employed to (l(‘te<Jt the iinpiilso}4. But tlie form oE llu) coiiutor an well 
as the exp(U‘ini<nital tUTiingomouts dilFer widely to suit the partieulur 
Olid ill vi(iw* This typo of comitor, on account of its greater sensitivity, 
has bc(ui v(‘ry much inorc^ useful than the Point-Coiiiitcr. It has boon 
utilised in the magnetic spoctrograpli* in connection with invi^sti- 
gations on the X«ray photoelectrous where it replaces the usiuvl 
photographic plate, Use has also b<am made of a modilied form of 
the Giugor Tube Coiiutm’ in inoa.suriiig viny minute quautitieH of 
radiumt (even as small as But ])erhaps by far the most 

important application of the Ihilxi Counter has b(U5n in experiments 
on Cosmic Rays* 




FI If* 07. A H(‘p(>i'il of ilic* nnlK(u'.Ufniii(i«r. 

A tyiiionl i)ln)l;ofi:riipli of thn G^ciiger Counter record of a-rny ih 
Klicnvn in Ii7. fii tliirt a-rayu enter the oiiinnbcr iit a mt() of (iOO per 
minute, '^riie Hlinr|) kinIcH indicate the entrance of one.li a-ray into 
the chamber. 
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CHAPTER II 


THIS 15L1CCTII0N 

15, Introduction—Earlier Theories of Matter. —clocEri- 
cal theory of wlucli in diaoussotl in thin book, may bo 

snid to forin a logical extension of tho atoniie thcorioa*' of mattov 
which were elaborated during the ninoteonth century and whi<!h 
dominated sdentiftc thought for over fifty yeni’s. But histoncally, 
the subject grow from Btudics on tho ionisation of gases of which n 
brief account has been given in Ciiaptcr I. It ■will now bo jn’olit- 
iiblc to begin witli a short review of the ntoniio theories. 

Tho idea that all matter in tho Physical World is made up of 
atoms, '/.fl., “small elementary ijai’ticlcs with very oharnctoristio 
propertic.s ** is a very old one, ami can be found in tho literary 
records of nnuiy ancient culturc-pcoplc.* T'liesc atoms were also con¬ 
ceived as olomonts, and a hundred and fifty yonrs ngo, tho belief was 
universal that this polygot world was made up of flvo fundainontal 
oleinonts, ot*., “Earth, Air, Water, Fire, and ActhciV' Thoro was 
no idea regarding the size, shape, or muss of these atoms, except that 
they woro coiicGivcd in some vague way to bo infinitely small.f 


* The fouiuloi' of one of the six Byatoms of philosophy in India, wa;., 
tho Vnishoflhika, propouiulod in romoto antiquity a form of tho atomlit 
theory, nntl was nicknamod ‘Knnad’ or tho Atomeator by tho rival 
niotupliyBioiiins, bocaiiso ho based his philosophy of tho World on small 
particles. In Groooo, a form of tlio atomio theory was mit fonvhrd in tho 
iiflh century B.O. by Leucippus and Domocritus. fhoao atoms worn 
conooivod ns sinall, indiviaiblo partiolqs, In/lnito in mimbor, capable of 
variona sliapos and aizos. , ^ 

lOinpodoolos artlrinod tho exiatonco of four oloinonta to which a llfth 
wna adilod lator. The (irat four were oarth, air, firo, and wiUor, and tho 
fifth was fiotlior. Tho samo belief is found iilao amongst tho lliiidns, 
but it IB not dollnitoly known with whom it first originated. Ibis also not 
oleiir wiiothor tho oloinonta woro conooivod as ‘ priaeiplos,' or as‘atoms,’ 
t This oxplaaation of Nature poraiatod amongst inon of soionco up to 
tho oiui of tiio oighUionth century, when tlio atrictly eumititiUivo nnd 
exporiinontid study of Nature was initiated by Lavoisier, 'llio rationalislio 
iiietlioda of Lavoisior still doininnto sclontiflo thouglit and ivro losponsiblo 
for tho extraordinary expansion of our knowledge of tho Ihyaioiu Worltl 
within tlio last hundred and fifty yonva. 
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The time-hononrcd belief ill the five elements recoivocl a mtle 
sliock towards the end of the eighteenth century. It wiis sliown 
\idth the aid of the newly discovered Voltaic pile, that one oJ: th(!H(s 
ancient elements, m., water can be decomposed into two elementary 
and simpler gases, Hydrogen and Oxygen, b ollowing this discovei ,v, 
chemists and physicists went on discovering one ehimentary anli- 
stance after another till, when a census was talcon, it was found that 
theii' number could not bo limited by the magical properties of any 
pai'ticulai' integer. By the tune Dalton formulated Ins AtoniK. 
Theory ’ to explain chemical combination, and Clausius and Maxwell 
were busy in finding out definite values for the niiinber and size ol 
different atoms, their total number had reached well over fifty. But 
the human mind refuses to believe in complexity; .so before long, 
philosophci's began to ponder whether the so-called chemical (donum tH 
wei’e at all elementary, whether they might not turn out to be com¬ 
posed of some more elementary stuff. The mo.st sensational cllorC 
was made by Front; he thought that hydrogen was the elenicntavy 
atom, and other atoms wore merely its eoiideiisation iirodiiots. But 
experiments sliowed that the weights of atoms Avere not iutegrnl 
multiples of the weight of the H-atoiii and Front’s tlieoiy failed to 
live through. In the ninoteenth century, scientists with a few 
exceptions, notably tlie asti'onoinor Sir Norman Lockyor, eontiiiucd 
to believe in tlie non-divisibility of the atom. 

But in 1896, the atom Avas definitely shoAvn to bo capable of 
fiu'ther subdivision. 

16. Studies in Electricity. —Side by side Avith tbo advance in 
oiu’ knoAvledgc of the atom, other groups of physical pheiiomonn, ., 
eleotiioity, magnetism, light and heat began to receive gremter 
attention. They Avero fii’.?t studied as isolated gi’oups, bub discovcimm 
Averc soon made Avhich shoAVod tliat those different groups of 
phenomena are all interconnected. Thus OoiAstcd’s discoAumy 
tliat a Aviro carrying a current creates a inagnotio field about 
itself shoAAmd for the first time, that an intimate connection existn 
between Electricity and Magnetism, and later, it led to inu- 
mentons discoveries in Elocti’omagnctism. Weber and Koblraiisch’H 
discovery that the I’atio botAveen the electrostatic and (ilectro- 
magnetic units of electridty is equal to the velocity of light slu)AV(!il 
for the fii'st time that light is an electromagnetic phenomenon 
(Fide Note 1). 
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The first mtiuiftto conneotiou between fttoinio theories and electri¬ 
city was revealed by DVaday’s discovery of tlio laws of Electrolysis. 
Those laws, intcriirotod in the light of atomic tluiories, led to the con¬ 
clusion, that in solutions the eleetrolytcs split np into ions or charged 
particles of opposite signs, which can be sci)aratcd by the passage of 
an electric current. The ions arc simply atoms, or groups of atoms 
{compound rndielcN) endowe.d with a d(4unte quantum of electricity, 
or sonu! multiiile of it. I’hus if w<! suppose that the H-ion is charged 
with the amount of electricity c, the bivalent C'a-ion in solution has 
double this amount of charge!, the Al-ion which is usually trivahsnt 
has treble the amount. The laws of (ilectrolysis thus chiarly led to the 
fact that electricity in ions occurs in integrid multiples of an elemen¬ 
tary quantum c„ Hcilmholte showcid in 1881 that wo can make a fair 
estimate of this charge if wo liavi! a kuowhidgo of the numb(!r 
of atoms N in a gram-atom (tho Avogadro-Loschmidt numlH'r), 
for. 

No == Ofidri 

ic.y the charge carried- by a gram-atomic oqulvalont of N atoms is 
experimentally found to bo IKMfi oloctromagnotic units.* 

But at this time this olomontary charge could not bo isolated, 
nor could it bo shown that it formed part of the atom. 

17. Isolation of the Electron—Phenomena in a Discharge 
Tube.—'rhe isolation of tho elementary negative charge was first 
oficctod by studying the phon omena of discharge of cloctricity through 
a vacuum tube, and (sau b(! illustrated by a number of (ixporiments. 
We in’oeeed to doseribo them below. 

Take a simpli! diHchargo tube, tliat is, a cylindrioal glass tuho about 
80 om. long and 8 cm. in diameter, fitted with two aluininiiun eleetroilos, 
and comieot it to a high vaeunm pump. Oonneet the two oloctvodos to 
the two torminals of an induction coil, or any other source of high 
voltage, say forty thousand volts. 

At first it is di/Reult for any disolmrgo In pass tiiroagh. Tlio)i at a 
prosBure of about 1,0 mm., disehargo begins to pass, wluoh takes tho form 
of rod stroamors. Let vis now ohsorvo tlio olumgo in tho nature of tho 
discharge as tlio prossuvo bogins to diminish. 


* For tho dotormination of tho number iV from tho kinotio theory of 
gasoB, BOO Saha and Srivastava’s Text Book of Heal, p. 738 
F, 0 
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The clifFerent stages are 

(ft) When the pressure of the enclosed air falls down to about 4 niin. 
of mercury, a dark divScliarg'e passes through blie tube with slight luminous 
elfecfc at the two electrodes. Tlicao are the negative and tlio fositive glows 
at the cathode and the anode respectively. 
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FJg. 1. A iy|)l{in1 ('low {ll8p])or(?c In alr>l a profi^nro of 1 min. 


{b) At a prosauro of about 1*65 mm,, a long conspicuous column of 
uniform pink glow starts from the nnodo and occupies the greater part of 
the tqbo. Xt is called the positive column and is separated from the negative 
glow by a dark region known as the Faraday dark space, Witli a polKmtial 
difference of 680 volts across the tube and about 6 milliamperes current 
tlirough it, this general appearance persists up to a pressure of 0*8 mm ; 
only at this lower limit, the negative glow is cleared out of tho catlindu 
surface, by a narrow dark region, known as the Orookes* dark space, 

(c) As the exhaustion still continues, at a pressure of 0‘87 mm. and 
a current of about 1 millinmpere through the tube, the uniform luniinosity 
of the positive column is broken up into pink coloured striatiom^ separated 
by short dark regions, The number of these strintions gradually in crease js 
with the reduction of pressure, until at about 0*24 mm„ of pimsuro, the 
striations appear over the whole of tho positive column \ this latter however 
contracts in length and the Crookes^ dark space, the negative glow and 
the Faraday dark space occupy more space than before. Tho glass walls 
of the tube begin to fluoresce at this stage. 

(rf) At still higher rarefaction, when the pressure becomes as low as 
0*1 mm. the positive column recedes to tho anode, and finally disappears j 
tho Faraday dark space is also pushed to the positive electrode and 
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tho iiegKtiv^ ^low imd CrookoH* dark Hptioo fill tho wholo tul)(5. At thiB 
stage, luininoiis stnmks are wxm to como out of the eatlK)<l(3, normal to its 
surfaoo, Those aro Calfwde rays. Continuing tin? (jxluiustion still furtluJi 
to 0’03 jnm., luminosity whioh Is to bo foiiinl at tho {mil of the Orookos’ 
dark space {lisapp(«ii's and (irst the olocjtrodos, thtai th(3 whole tube l)egins 
to shine; this is tlu) woll-Icnowii stagii preliminary to tlio einission of 
X-rays* At a still liiglmr va(!nuin, it is impossible to send a discharge 
throiigli the tiil)o. This is Icnown as the no dmharfjc. stayo. When tliis 
stage is reacjhed, tlio pressure is about 10" ‘ mm, of mereury, 

Witli a fixed presHuro inside tho {lischargo tube, if the distance between 
the miod(3 and the cathode be gradually d(3croased, tho same series of 
phenomena, m,,—at lirst tlm contraction of tho positive column and tho 
Taraday dark space, and then expansion of tho Crookes^ dark space and 
negative glow towards tho anode—aro ol)sorvod, and iinally tho Crookes’ 
dark space may be made to occupy the whole tube, 


'l?lieH(3 ollectH cUipeiul, bt^sitUjs on tho presHuro of the gas, and 
distunco between tluj electrodes^ upon tlio nature of the gas, hv/s and 
shape of the tube and the ehictrodew, purity of the contained gas and 
luimeroiiB other factors* 'I'ho voltage roquiml to send a clischavgc 
tlu'oiigh the tube is nuiiuly tlopondont upoji the gas j)r(!BHnre, It 
dcoreasoH as tlie presBure is gradimlly rtalnced from its ordinary 
Viilucs until it r{mchoH w minimum ; for pressures low(5r thnn this, the 
voltng (5 again incroas(‘s, and linully rises to a very higli value* 

Thos<3 phenoinemi deptaid entiiudy upon the ])owGr of conducting 
(5l(!ctrical charg( 3 S a<icpiired by tin? Hi)ace insidii the discliarge tulx^ 
at a v(U'y high vacuum. It is l)(3li<‘,vc(l, that at tho Htat(5 of Iiigh 
rar(vfacti(jii, when most of tln^ uoiie,onducting air moIcculcH liavo been 
removed from th(3 tid)(‘, (5l(‘eXronH are c^jected from the surfaxje of th(3 
catluxh} du(31{) th<5 intensi? eh^etrie, ll<dd in its vicinity* Tluty travi^l 
with very gr{3at velocity aetiuired uiuhu* th(‘, high poKmtial diflcrenco, 
and ionise the few air moJeeul(‘H encounUu'iKl iji their way* It is 
tliese ions which ai’e mainly rtfspoiisibh^ fm* llie aciiuircd conducUvity, 
and they ow(i tlieir origin diiH^etly to the free (^ectrons emitted from 
tho cathode. 

18. Distribution of Electric Field and Conductivity in 
the Discharge Tube.— To explain tho above intoresting phonoinonn 
observed in a discharge tube, it is nocoseary to dotormino tho distribution 
of electric flold, and tho numbor of ions proaoiifc at oaoli point, along tho 
path of tho disohargo. Tho dietribiUiou of oleotrio intonsity Ims hooji 
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invostig'atocl by J. J. Thomson and olihors, Tlio usual inolihod oniploycd 
is tio insert two auxiliary, fine platinum wire-olcctrodos soparatod by a 
fixed distance, at clifForont parts along: tho discharge, and to find out the 
difFerence of potential between them by mentis of a quadrant electro- 
meter, This is directly proportional to fcho electric field. At the cathode 
and the anode, however, where ions of only oiio sign naturally predo mi tin to, 
the result given by this method becomes uncertain. Therefore, a second 
method has boon devised by J» J. Thomson,* in this (Fig. i3) a narrow 

beam of cathode rays is passed between two 
subsidiary electrodes, C', A' coiitained in 
a side-tubo T, in a direction at right angles 
to that of the main dischargo CA. In 
traversing any part of tho main dischargo, 
the beam suffers a deflection proportional to 
tho electric field over this part (sco§2l), 
Tho deflection can bo read by rocoiving it 
on a sorcoii placed inside another side-tube 
opposite to T, and it directly gives a 
measure of tho olectrio fiolcl, Tlio mothod 
is specially useful in determining tho 

Tlio actual distribution of tho Hold changos with ohango of presauro in 
tho discharge tiibo, Tho general nature of tho distribution howovor 
romains the same, A typical distribution, first obtained by Graham f in 
a nitrogen discharge tube at O'OB mm. prossuro, and later on confirmed by 
Wilson, is shown graphically in Fig» 3, in wliich tho shaded parts repre¬ 
sent tho luminous regions in tho. discharge tube from cathodo to anode, 
and tho ordiunto at each point of tho curvo above roprosonta the electric 
field at the corresponding point of tlio tube. 

, It will bo soon that at the cathodo tlio olectrio field is voiy largo, 
which diminishos rapidly over Crookes^ dark space and roaches a minimum 
on tho cathodo side of tho nogative glow. Tho largo chango of potonthil 
over tlio Crookes’ dark space is known as the Cathode fall of polcniiaL J.t 
has been thoroughly investigated by Aston and Watson,t Beyond tho 
Orookos’ (lark space, fcho field rises a little, but falls again in tlio Faraday 
(lark space, Towards the end of tho latfcor, tho field begins to rise rapidly, 
reaching a liigli value at tho boginning of tho positive column. Over 
fcho striations, tho field rapidly fluctuatos rising to a maximum at the 


* J. J. Thomson, Phii 18, (6), 441, 1900. 
t W. P, Graliam JVeid, Ann. d. Phys,^ 64, 49, 1398, 
t F. W. Aston, Proo, Eoy. 79, 80,1007. 

F, Ay, Aston and H. 1?, AVatson, Proe, lioy. 5dc,, 86, 168, 1012. 
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rogion of ii inaximuni l)i‘ightnosH, jiinl vice vcracL Tlu) liol4 tlion goos on 
inoroa^^ing abruptly up to the aiiodo. 

DISTANCE FROM THE CATHODE 



Tho (liHkibatioa of uouduolivity along ilia path of tliKchiirgo Imn liaon 
iiivoHLigatail by II, A WilHon» H, Viiii chu' P<»l, and otliorH, WilHoidn* 
niothod in a inodilh^ition of thn im\u\ inoth<i(l fur datonnining tha diatri- 
hnlnm of alactrio (laid l^y au»anH of milmidinry ah^atrodan, Tho two wm 
ah^druiloH liavo haoii njplaaad by Hiiiall pluta olaatrodaH, placad on <ntlun' 
Hidatt of tlia diH(!l)arg<s with tbair jdniitm parallol to tlia diHoliargo. Tlioy 
aun ba shiftad rruni ragion to rogiun along lha path of tba diaohargo, and 
applying a Hinall diflanuiaiMd potautial aaroHR thonu tlia currajit botwotm 
thain at aaab ])(nn!: aan Im (latarininad, ThiHcuiToiit in n tliroct inoaHuro 
of tbo miinbi^r of ioiiH proKont, that in, tho coiiduotivlly along tho diH(5ba]’go, 
In thia nicthoih lliom in howrwr tho groat di/lloulty, that tho actual clintri- 
butioji of conductivity may bo <:onHulorably modified by l-ho Kccondary 
ioniHution which may occur botweon tho croHH-olcctrodoa untlor the applied 
tlifroronco of potential. Tho niauU obtained thoroforo becomoR rather 
doubtfub 


IL A. Wilson, PJiil. il%„ 49 (5), 505, \m. 



46 


THE ELECTRON 


[II 


TIig (lifiiGulty lias boea olimiiiatBfl in tlio inothod (levisfid by JVau 
cler Pol,'* TIiq apparatus used is shown in Fig* 4. FO is tho disohai'gti 
tubo lield vertically by means of ebonite supports PI, K, between tlie 
oondonser end of a parallel wire-systein A B D of a Lecher bridgu At B 



Mg, 4» Vfin dap PoI’h Appapfliuti. 

the two oncla of the Lechor system nro freoly connected to a Diuldol 
tliormogalvaiiomofcor E. Initially, without any discharge in tho tube, a 
stationary wavo is iiulucod in tho pair of parallel wires by tuning thorn to 
a Hert/Jan oscillator. Whon steady state is reached, tlio theimogalvau- 
ometor indicates a ninxiinum current in tlio Lecher system. On starting tlio 
discliarge, tho space between tlio wires at tho point acipurea some amount 
of conductivity. Bo energy is absorbed in this rogioji, aJid tlio thermo- 
galvanometer would indicato a sniallor steady ciUTont. Tlio Inltor cuiTont 
is a measure of tho conductivity in tho particular region of tho discharge 
tube between tho wires. By inofins of pulleys, the tube may bo slid along Its 
length, and tho conduotivity at its various parts may bo tested in this way. 

Tho general chnrucfcoristio of tho distribution of conductivity is 
exhibited in Fig. 5, adopted from Van dor PoPs paper, Tho ordinates of 
the curve yoprosent defloction of tho gtUvaiiometer, and lienco are iavorsoly 
proportional to the conduotivity of the discharge tube, It will bo seen 


* B, Van der Pol, ml Mag., 38 (7), 852,1919. 
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l.hnt th(! conductivil-y gnuliiiilly incrGnaos up to a point in tlio nogiitivo 
jiflow, wlioi'C! it roiicluw tins innxiimun. In tlio' Fanulay dni'k spaco, tint 



Hg 5* DlAlrlbuttoH of oondtiottvliy. 

oonduotivity pfmtluully d(K 5 roaHtm townrilw tim poeitivo column. Ovci* (lu‘ 
atrintionp, the cojulnctivity lluciuntes, tho minimum of conductivity 
ring’ at tlm nogativo point near tho hrightOBt part of each Htrin, In roginnn 
very olo«(^ to tho oloclrodcH, tho conductivity is practically zero. It may 
1)0 ronmrkod hen? that tiujso roBults aro juHt tho vovorso of those obtain(?d 
by H. A, Wilfion. But in view of uiicortainty in tlu) lattor^s oxpm'imcnt* 
Van dor X^oPh vchuUs aro ii coop tod as corroct. Moreover, it has boon 
pointed out by J. J. Thomaon, that as tho brightest parts of tho strlations 
correspond to maxi mum electric fields, iona nro expected to move fast 
across these parts, giving tlio least acaminulufcion of ions, and therefore 
minimum conductivity in these regions, 

In recent times attempts have been inadoto investigate theoretically the 
distribution of imtontial and the miniorouH secondary collision plienonama 
talcing place in a dischargo tube. Thu task is iiulceil very tljflienlt. 
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because, say, in the case of investigation of the distribution of potential, 
one has got to consider tlfo superposed eflfccfc of the space charge due to 
the moving Ions and the electrons, and tlie charges on the oleotrodes. 
Besides, the nature of the distribution changes with the space of the 
oleotrodes, the state of vacuum and numerous other factors. A full account 
of these investigations has been given by I, Langmuir and IC T, Compton 
in an article “Electrical discharges in gases” published iji two parts in the 
Review of Modem Physios, Vol. 2, No, 2, p. 123 and Vol 3, No* 2, p. 191. 

19. Nature of the Cathode Ray Discharge.—The above 
investigations thiw important light on the natiiro of disol)ai‘gG 
phenomena at low pressures. At some definite pressure and at a con¬ 
stant difference of potential, a steady ciuTcnt flows between the 
cleoti’ode.s, Tluis the motion of ions is continuously taking place in 
a discliarge tube, and in the absence of any other external source of 
ionisation, the ions must be produced constantly by the ])roccss of 
collision of positive and negative ions with gas molecules. But 
liow is the action sot up ? Supiiosing the action to be initiated by 
cathode particles, how do tlic latter originate ? To decide this point, 
a scries of experiments were performed by Villard.* It is well 
Icnowii that the electric field neax' the cathode is very strong. 
According to Villard'^s theory, the positive ions, near the catliodcj 
acqumo very great velocity in the intense electido field, and they 
impinge on the metallic oatliode with great moinentiun* resulting in 
the emission of cathode rays or electrons from tlie cathode itself. 
On account of strong repulsion, the cathode particles are now tlmown 
forwai’d \nt\\ high velocity and they produce ions by collision in 
course of their fast motion. The electric field in the region beyoiid 
the cathode is considerably weak, so that the positive ions are 
accumulated here in largo number. The accumulation of positive 
ions near the negative electrode maintains the sti’ong electric field 
near the cathode and accounts for the cathode fall of potential over 
the Crookes^ dark space, 

Now it has been seen that the disti’ibiition of the elcctilc field 
over the region between the cathode and the anode is not uniform, 
the brightest parts of the dischai’gc being in general places of 
weakest fields, This will cause non-uniformity in the production of 
ionisation. In regions of strong field, thei^o will be inteuso ionisation, 


Villnrd, Jonm^ PhysiqMey (3) 8,1,1899, 
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while, ill places of weak fiekls, ions will ncciiiiiulato and there 
will bo no approoinble ionisation by collisions. Those conclusions 
iii'o in excellent agreement with the results of experimental investiga¬ 
tions of the distribution of the number of ions along the path of the 
discharge, as already stated, that is, the points of maximum concen¬ 
tration of ions are those which correspond to minimum fall of 
liotential. It is generally believed that the regions in which ionisation 
by collision takes iilace are marked by luminous oifocts, while dark 
regions are characterised by absence of appreciable ionisation. This 
accounts, in a general way, for the appearance of bright and dark 
spaces in tho discharge tube. It is quite possible that the physical 
processes giving rise to striations (at low pressures) are but repeti¬ 
tions of those occurring in tho Faraday dark space. 

Wo shall now turn our attention to the study of Cathode Particles. 

20. Nature of the Cathode Particles.—Sir W.' Crookes* 
early realised that these cathode particles were something much liner 
than tho atoms, and gave to them the rather imposing name of pro- 
iyUa or ilia foiiHli stab of matlm But their real nature was nob 
elucidated till long afterwards; and very often gave I’ise to heated 
controversies. The following are tho chief obsorvationB whicli led 
to final elucidation of their physical nature i 

(1) Tho cathode rays are found to produce a bluish phosphoros- 
cent light on screens made of Willeinitc, whicli is a sulphide of Zinc. 
Such screens lU’o often used to detect their presence, illhe side of 
tho cathode ray tube away from tlio cathode is often impregnated 
with these substances, and the pencil of cathode rays is limited by 
a number of perforated diaphragms. (See description of the Braun 
tube. Fig, 8.) In tho earlier experiments, observations wero enn'ied 
without any diaplu’agms. 

(2) They travel in straight linos (Goldstein). 

This can bo easily demonstrated by holding a shoot of aluminium 
in tho path of tho cathode ray stream in a Braun tube. A sharp 
shadow of the shoot is thrown on tho opposite wall of the tube. 

(8) They arc dollocted by magnets (Plflokor). 

This can bo easily shown by holding a bar magnet near the tube 
(Fig. 8), when it is found that tho luminous spot shifts its position, 

(4) They possess considerable momentum and energy. 


♦ W. Crookes, PM 'Awns., (1879-1886). 
F. 7 
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Tins is roaclily shown by inserting a light fnotionloHS nhuiiiiunm 
wheel set on a smooth ml in the path of the cathodes rays. wlieel 
begins to move with the cathode ray particles under their impact. 

This property of catliodo rays is very often used for molting very 
refraetovy substances in modified forms of tlio disclinrgo tuho known ns 
cathode ray furnaces, Tlie refractory subsfcaiicQ is plaecd in a criicil>ln of 
magnesia or silicia, and placed within tlio discliargo tube hi suoli a way 
that the beam of cathode rays can be directed on it,. As the vnys av<' 
.stopped, they deliver their whole energy to tho refractory mutter wlurli i 
thereby heated and ultimately molts.* 

(6) They can pass tlirough thin slvoote of matter, 

This property was first discovered by Lonardf wlu) sliowcd that 
if QUO end of a cathode ray tube (see 1% ()) is cdosod by a (hiJi 
diaphragm of aluminium, the rays can still bo dotectod otitsidc. 'I'liis 

property, instead of ludpiiig in 
the oluoiclation of the probloni, 
gave rise to the orronoouH vi(5W 
tlmt the cathode particloH worn 
a kind of cleotro-inaguctic aviivon 
like light or tho waves iiwnd in 
weless tolegriiphy. 

, (6)They carry negative cl uirgo 

and ni*e deflected by an electroabitic field. This property of (mtluah^ 
rays was demonstrated by Perrin in 1896 in the Collowing niniuicr. 


Cathode 


Aluminium* 

iUindoiv 


¥ 



^ Anode 

Fig. C. Itonarcl’i clootron tubo, 


C^fHode 


Cylinder 

CArM> 



7* Perrln'a 

ElecUotcopo 

PernnJ took a long discharge tube 7) wUU .,vT 

„p„ 

thia elometit hingalcn (m. p, SBOO'C) ivns (irat molted |jy 
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ooutiviiiod lui iiisiiliitod lAiviidiiy cylitider * iiicliudd nt aii anglo. A 
boani of electrons proceedinf!; from the cathode Avas led tiiroiijrli the 
anode. It was dofloctcid by niiplying a .snUable ninKnotic field, to 
pass into the lAiraday cylinder. The latter Avas connected to a 
quadrant electrometer Avhich .slioAVed a nefjiitive charge. 

Qiiiantitativo study of those electrical and magnetic deflexions 
led to determination of -- (ratio of charge to mass), and of the velo¬ 
city of those particles. 

The movcinent of an electron under the joint actions of electric 
and magnetic Acid is often conveniently studied in an apiiaratus 
knoAvn ns the Braun tubof (Jfiff- 8). 


/r 


rig. 8. Tlio nrAim tul}o. 



A narroAV beam of cathode rays rondorod parnllcl by the 
diaphragms Dj, 1)2, is passed betAveen two parallel plates Avhioh 
are connected to the opposite terminals of n battery. The beam is 
deflected by the electric field and falls on a Avillcinito screen S, and 
is detected by blue iihosphorosceiit light it produces on the sorceu. 
Noav aiiplying a magnetic Aold in a 
Huitablo direction, the beliavlonr of the 7 , 

electron may bo observed on the same 
screen. 

21. Elementary Mathematical 
Treatment of Motion of Elec- 
tron«.~Lot the initial dii'cotion of 
motion bo represented (lilg. 0) by the 
x-axia, and let the electric force bo 
applied along the z-axis (vertical), 
and the magnetic A(dd bo along the 
y-uxig (ijorpcndicular to the piano of the paper). Wo Arst suj)po80 



♦ Paradny Cylinder: A motnllio cylinder used for collecting ohargoB, 
t J. J. Thomson, PM. ilfa/ 7 ., 44, 208, 1897. 
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that the fields are applied separately, nncl then coiiHidcr tlioir joint 
action* have thus three cases : 

There is only an electi’ostatic field of skeiigth Z. 

The particle is now subjected to a constant vertical force cZaiid 

thorefore to an accelcrntion At 0 it is projected horizontally 

with tlie velocity v* The problem is therefore analogous to the IHght 
of a x}ar(;iclo under the gravitational field of the earth* Tlio orbit is a 

pnvftbola witli the latus rectum I ~ -y = — with O ns apex. It 

2mv^ 


can be nnalytically represented by a?® 


Ze 




Analytically the equations of motion aro 


w 


df 


eZ, 


m 


df 


0 , m 


dt^ 


0 


( 1 ) 


Hence ^ = const = 0, y = 0, the motion takes place in the xa-planc. 
clt 


dic 

dt “ 
dt^ 


const =» V, 


X == vt. 


eZ 

m’ 


dt 


eZt 
m * 


m 


.(la) 
. (lb) 


Eliminating t between (la), and (lb), we have 




2im^ 

-7r~" * 
Zq 


( 2 ) 


This is the equation of a parabola 'vvith its axis along tlio is-axis. 
At the apex it can be replaced by its circle of curvature with the 
radius mv^/Ze. 

(b) The election is subjected to a inaguetic Held of sti’ongtli II ■ 
applied along the y-axis. 

The action of tlie magnetic field on the moving charge is just 
equivalent to that on an element of cuiTont, The student lias learnt 
in elementary eleotrodynamios that the force exerted by H on an 
element of -wire ds caiTying a cun’cnti is ids sinfflJ, whore 0 is tlio 
angle between i and H, and it is peiTpendiculai’ to both. In the 
present case, the chai’ge ‘ e * moving with the velocity u in tlio xx- 

plane is just equivalent to a oimrent ~ and the force on it =. * 

0 0 

and this force is perpendioular to M, thei’efore it is in the <»a:-plane, 
and it is always perpendicular to the current, ie., to the trajectory. 
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It is known from dynnmics that uiulcr these conditions, the 
trajectory is a circle of wliich tho radius can bo found from the 
relation 


nm^ 


r 



or 


r 


muc 

~lle 


(3) 


u => initial velocity = t). 

(c) When botli clecti’io and magnetic fiolds act siinnUnnconsly, 
tho orbit will bo more complicated. A ti’eatmeiit of tliis general case 
will bo found in 3, 3. and G. P. Tliomsons’ OoHduetian of .Ekcirmly 
through Oases, There it is shown that tho orbit is a cycloid 
or a ti’ochoid, but for all practical purpo.soH, wo can deduce correct 
results from oxporimcntal works by assuiuiug that they not separately. 

Suppose now in the Braun tube, wo first apply tho olootvostiitic 
field Z, and observe tho dollcction. Then wc apply tho magnotic field 
and bring tho spot back to tho zero point. Tho radii of ourvaturos p 
of tho two ta’njootories will then bo equal and opposite. Wo have 


mvo 

ell 


mv 

Ze 


3 


(4) 


from which 
and 


V Z 1 

n 

e ^ Zo 
me n lP . 


Those forraitlto give us --- ns well ns v, 

mo 


( 6 ) 


J. 3, Thomson * employed equation (6) to dotormino " and v for 

the negative ions of a number of gases. Tho results of these first 
determinations wore, however, not very accurate. He obtained a 

mean value of “ •=■ 7*7 X10®, and observed an approximate constancy 

c c » 

of for all the gases examined by him. This value of iS) as 

wo know now, too low. It is found that except in some exceptional 
oases {vide § 29) 

“ - 1*77X10’ {6a) 

mo 

*J. J. Thomson, P/»/. to.7., (5), 44, 293,1897. 
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wliile — may have all values from a J-fr to nearly unity. 'rhi.y value 

c 

of " was first obtaiiiccl by Kaufinanii iu 1897. 
me 

22* Kaufmann’s determination of — •—Wo shall sec iii 

me 

Cliap, III tlnat when a particle of mass m and charge e traverses a 
distance x through a ti’ansverso inagiietic field //, it sulfcrs a deficctiou 
d m 




“/iTi 

mv 


whero d ^ distance of the screen fi’om the origin. The quantity 
under the integral sign depends only on the value of tho applied field 
and tlio geometry of the apparatus and may bo taken equal to a con-* 
stant Ki, The corresponding doileotioii due to an eleoti'ic field 




If tho direction of ilis parallel to that of .7?, the doflcction S will bo 
at right angles to 

Kaufmami applied this theory dmoctly to tho dotermination of 

^. Hq porforjned two sets of experiments, one of which wo de¬ 
scribe below. 

(1 Tlie principle of Kaii frnann^s* 

X C earlier expeilmcnt is illustrated in 

^ ^ ^ Kg. 10. C and A are tlic cathode and 

n —the anode of a discharge tube, between 
r I which a difference of i)otential V is 

applied. The anode is perforated at 
the centre, so that tho cathode particles 
S ^ coming to A pass into the lower pai'fc of 

tlio apparatus. A strong magnetic field 
I'l is applied over the region fi'om A to 
llUlll ■ IHilllllll P by means of solenoid SS in such a 
way that lines of force are in the iDlano 
Kftufmunn'fl upparatuu. of tho paper, but perpendicular to the 


* W, Knufmann, WMd* Am,, 61, 6di» 1807. 
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clii’oction of the clischargo. On traversing the maguotio field tlio 
particles are deflected normally to the piano of the impor. II: 
deflection, we have 

8 « JTj.(8) 

mv 

P is ii iDliotographic plate, and S can be nicasuvod from the trace of 
the deflected beam on it Again assuming the velocity v to be 
lUiqnivod under a total fall of potential F, we obtain 

Ve ^ i mv^ .(f)) 

This assumption is valid, if the loss of energy by molecular collision 
is negligible. This was found true at low pressures, as the same 
amount ol: delleotioii was produced with diflPorent ])ressurc8 of air in 
the discharge tube. Prom (8) and (9) 

IP . 

The integral in equation (6), and hence the constant Ku was deter- 
minod by careful investigation of maguotio field between A to P. By 

this method Kaufmann obtained — « 1*77X10'^ for cathode rays. 


23. Maximum Velocity of Electrons.—In a discharge tube, 
tlxo'velocity of the eleoti*ou is really clctormined by the potential 
difference between the cathode and the anode, according to tlio law 

I mv^ ^ eV .(9r0 

i.e.i kinetic energy acqumed by the cathode pai’ticlo is equal to the 
work done as it falls throiigli a potential difference K 

I 2cF _ / ax 177X10^^3 
\/ m 300 


when the potential is expressed in volts, for, 1 volt •==• -{fiir o. s, unit. 
Xhereforo 

V ^ 6*92X10’^ V V cm,/soo.(11) 

This :forjmila holds as long as 'O < c, the velocity of light ( vide § 28 ). 

All cathodo particles do not possess the velocity given by (C), 
because some originate in tho middle of the tube, others lose 
velocity by collision. Tho velocity given by (0) represents tlio 
maxbniim velocity attainable in a discharge tube. 
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Again, when subjected to a magnetic field .ff, tlio path of 
the electron is />, given by eciuation (4) as 


Up 


mvc 

c 


( 12 ) 


The product of maximum velocity Vmax, given by (9^') and Up is 
therefore a measure of kinetic energy of the electi’ons. The vel^)cit 3 ^ 
and kinetic energy of the electrons corresponding to given differences 
of potential arc shown in the following table taken from Graot//s 
Ilandbtich Ekctnxitdt und MagneUsimiSy Voh III, page 195, 


Table I 


Potential (Volts), 

Velocity X 10'® 
(cm. sec.“i) 

Ep 

Kiiietio onorgy x 10'* 
(oi-gs.) 

0-6 

0-418 

2-39 

0-786 

I'O 

0-692 

3-38 

1-67 

20 

0-836 

4-78 

3-14 

3'0 

1-026 

6-86 

4-71 

4-0 

1-183 

676 

6-26 

6-0 

1-323 

7-66 

7-86 

6'0 

1-449 

8-28 

9-42 

7-0 

1-666 

8-95 

10-1 

8-0 

1-673 

9-66 

12-6 

9'0 

1776 

10-14 

14-1 

10-0 

1-871 

10-69 

16-7 

20-0 

2-646 

16-12 1 

31-4 

lOO'O 

6-920 

83-80 

167-0 

300-0 

10-260 

68-60 

471-0 


For laboratory methods of determining — see Appendix, 
Note 2, ^ 


24. The Elemental^ Quantum of Electricity*—The for- 
mula (6) gives ns the ratio between c and m. Unless wo can 
find out either e or m separately, no fintlior progress in the study 
of tlie electron is i^ossible. Wc shall describe in tlie next section 
how 0 Mias been determined. But before tliis was done, it was 
found tliat tlie cathode pai'ticle, though it was first isolated in 
such an artificial medium as a vacuum tube, is ip itself not so 
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mro, but is given out in almost all cluijuical and physical pi'ocesscs. 
Thus it was early observed that when a body was heated, it could 
discharge an clcotrosoopo placed iu its neighbourhood, It is now 
known that all bodies, when they are sufiiciontly lioated, emit 
electrons which Jiiakc the air near it conducting and hcl]) iu the 
discharge of electrosco])es. (This phenomenon is treated under 
T/wrmiomes.) 

It was found in the last century that when a metal plate 
is illuminated by ultraviolet Hglit, an cdcctroscopc placed iu its 
neighbourhood gets easily disclnirged and tluj plate, if insulab^d, 
is found to be positively charged {IMlwarM). Tim has been 
proved to bo duo to the lib(n'ation of electrons by light (phoio- 
flrr/rons) from the metallic plate. In all those and other cas<‘s, 
e.g., ra(Ho-(uiiiylly, rhmmil rmcM/ms^, the nature of tliese negatively 
(diargcd particles lias been studi(Kl by using the metliod dosevibed 

here and — has always been found to have tlie value given by 
mn 

(.fir/.). 

All these considerations point out that Ihc eaihofk parlwh or 
ll/e elcelron is a u/dversal eomlilaml of all mailer. 


25* Maas of the Electron*—Before the (diargo on the electron 
was measured with any C(n*tainty, soiuo physicists Imd come to 
tluj conclusion that tluj fuiuhuuentul (tuaiitiun of (jloctricity, as 
we obtain in electrolysis, is identical with the cluirgo carried by 
the cathode particle. On tliis nHsnm])tion w(i can compare the 
mass of the (dectron with that ()f tlui liydrogen atom. Tims we. 
have from electrolysis 


0 


i)(i4r) 


. ( 13 ) 


wliore e ►r* charge carried by a inoimvalent ion, siiy and 


Hence 



OOIf) e.m, units. 


For the cathode ])avticle “ 1*773 X 10’ c.m» units, 

em 
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Supposing that % ~ ^ have 

m _ 9645 „ 

^ ' 1773X10^ 1847 

Thus the electron is found to bo nearly 2000 times liglihu' 
than the smallest atom known up to the year 1896. 

But the hypothesis that the charge oil the cathode inirtiiile 
is equal to the charge carried by monovalent ions in solntion 
roqiiii’od confirmation, 

26. Determination of the Charge on the Electron— 
Millikan’s Method.—^The ineasurcmont of the ehurgo on the 
electron proved to bo a iiither long and protineted alfair, and we 
shall omit here the account of the earlier historical expm'iments 
carried out at the Cavendish Labomtory by 'rownseiid, J. .1, 'riiomson, 
H. A. Wilson and others. A short account is given at the mid of tho 
chapter. We proceed to the description of Millikan’s* e,vperlinent 
which proves that electricity produced by friction on very small 
particles always occiu-s in integral multiiiles Of tho elementary 
quantum e=4774X 10“’® o. s. units. 

The essentia] parts of tho apparatus (h'ig. 11) are two iilaiie i>arallel 
plates of brass M and N forming a pai’allol iilate condenser and separ¬ 
ated by a distance of 0'5 to 0‘8 cm, One plate is counoctod to earth, the 
otlicr charged to a high-potential which may bo as large as 1000 volts. 
There is thus a vortical electrostatic field in tho apace between M and N. 
A is an atomiser containing oil which opens over tho vortical orifice 
P in the upper plate; when the atomiser is blown, small particles 
(10 ® cm. in diameter) of oil enter into tho condenser space through 
P. In tlie process of atomisation, they are charged with electricity 
by Motion.. In the condenser space they lu-o subjected to the vertical 
forces (i) gravity^jwr/, (2) electrical iorce^qZ, where 9=^churge, Z 
field strength. The electrical force can bo made to oppose tho forco 
due to gravity by manipulating a reversing key. Tlio particle i.s 
illuminated from the sides by means of light coming from a strong 
source (a high power glow lamp), and focussed exactly on the cmitre 
by lenses. Ihc oil drop is then observed by moan.s of a small tele¬ 
scope provided witli three horizontal cross-wires. Tho drop appears 

*B, A, Millikan, Phys, Rev,, 8, 1.36,191.3, 
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ii.s IV liiinuioiis point in tho field of view, niid is seen to np or down, 
and the velocity can be reduced to any sninll valiui by ndjustini*; the 



field ati'ongth. '.rho charge can now be deduced from tlioso observed 
velocities in the following way ■ 

Wince tlic particle, is movliiK in a viscous inv'diuni, the forco P' 
rccpiircd to innintnin it in motion with the uletuhj vcdocily v is, 
accnrdinjj; to a fundamental theorem by Wtokcis,* 

If' (1 ItOI-tH.(14) 

wlioro p -■ coellicicnt of viscosity of tlic medium, a rndiuH of the 
particle. Let i>i >=3 velocity when an e. s. field Z is working on the 


liarticio urging it upwards. I'licn wo have 

^ Ctt Z- mg . ( 15 ) 

() rtTifp^a mg .(10) 


when Vi velocity of free fall when tlvo electric, field is not applied, 
and Oh fc: charge on the ivartlchf. 

1^^’om (15) and (1(5), we have 


t'l+tia ^ c„Z 
Vii mg 



* For the deduction of Stokoe’ law from liydrodynamicid principles, 
SCO Lamb, IJijdmlipiamm, Chap, XI, § 338. 
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Noav cun bo obfciiincd if ni, the muss of the oil di’op, oim bo 
known. 

Generally the oil droj) is so small that its ma.s.s can be obtaiinal 
only indirectly. Thi.s can be done from (16). Lot p be tlie density of 
oil, and o the density of air. We have 


6 na\.mv 2 = mg — 




g (p-a) 


from which 
and 


= comj)ari.soii to p. 

4a: / i)n \4' g ( prl-P 2 )/’a^ 

“1 \ 2fif y' ^ ’ * • 


. (18) 


Sometimes the particle under observation may pick viji new 
charges from the neighbouring air. This is particularly facilitatial if 
the air is ionised by X-i’ays, or by the presence of a si^eck of radio¬ 
active matter iii the lower condenser plate. Ijct e,,' bo the new chai’gcs 
and let the particle now, move with the velocity v\, 

Tiion wo have 


mg 


nz 


lyivv d- V-i) .. (ID) 


“ flz . 


Wo have now 


Now 




Vi 


(I 




(I 

1\ 


where d ~ distance between the crosswires, ii == time of passage be¬ 
tween the two wires. 

Now if CB'-e,. == where is an intcgml number, wo have 


1 

t’ 


1 

4 


Zv^ 

mgd 


(32) 


1 1 

i.e., the differences j ,— ’ wiH be "integral multiples of acommoji 

factor. That this is the case is shown in tlie following table, adopted 
from Millilcan^s “ i/'/iC JtVec/roK,” Cimp. IV, p. 76. 
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8U-7U8 

a2'8(j(]l 

a2-800[ 

IdO'oGf) 


7 i)'(iO(J 

IW7481 

;)4'7G2f 

84’840J 

29'28U 1 

j 

lii7'.%8 


ifd’OJW 

22M04\ 

2a’2G8j 

nooi 

:l!)'7U4\ 

ID'COSi 

77'830\ 

77-800/ 

42-302 


Table 2 


I'i 

1 

1 


P 

V-' \ 

(vSc(5,) 

^1 

I'l 


p\i’^ h) 

22-3001 

2-2-300 

2-2-3081 


^{nm 

•04 470 

-032iJ4 

0 

'ODoaan 

Id0‘r)(j5 

-04470 

•00719 

•03751 

7 

•003318 

79-000 

-007192 

•01.234 

•003318 

1 

, -OOGOIH 

34-748' 

34-702 

34-H40J 


-Ol'lod 

•02870 

OIGIO 

a 

‘OorjaHf 

• ... 

-02870 

... 

■ 11 


... 

137-308 

-03414 

•007208 

•026872 

n 

•005373 

34-038 

-007208 

•02884 

•021572 

4 

•005303 

22-1.04' 

22-208. 


-02884 

•04507 

•01023 

a 

•003410 

MO-l 

•04307 

'00200 

•04307 

H 

•005384 

19-7041 

19-(108/ 

•00200 

■05070 

•04870 : 

0 

005421 

77-830 

77-800 

•05070 

•01883 

•03794 

7 

•005420 

42-302 

‘•01285 

•02304 

•01070 

2 

•006305 


•02304 

--• 

< ♦ 1 

... 

... 


27. Ehrenhaft*# Hypothesis of Sub'cIe^ti-ons.—rEhi-onhuff' 

ciU'i'iod out tho Hiinio kind of oxporimonta iih Millikan did, but witlt 
pm-tiolofl of II nnicb emalloi- sizo. These particles wore formed by 
blowing 11 draft of nir ngiuiist an are innintninod between niotiiUio 


♦ Ebroiibnft, Phys, /kils., 11, 040, 040, 1010. 
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electrodes, Very small particles from 10~ ^ to 10'*’* cm. in diainotor could 
thus be obtained. Elirenlmft did not find consistent values of the 
elementary charge as Millikan did, but bis values were very often 
niiich less than Millikan’s value of e, PIo was led to the conclusion that 
sLib'clectrons, ’’ or electrical charges less than that carried by electrons 
exist, 

Elirenhaft’s hypothesis of sub-electrons did not find nmcb credemio 
amongst the physicists, and Millikan*, Eili'i" and others have pointed out 
that his results are due to two sources of error in his oxporiinonts i—(i) on 
account of the extreme smallness of the particles, their sizes cannot he 
determined by an application of Stokes’Law, for this bolds only when 
the size of the particle is large compared to the moan free path of the 
gaseous molecules amongst which the particle is moving. In Ehronlnift’s 
cose the size, 10’^ and 10“cm., is of the same order as the mean free path, 
VIZ., 10"^ cm. In such cases, the apparent value of t\\i\ viscosity has to bo 
corrected according to a formula given by (Junninghumt This is 


1^ 


1^0 


U-J- 


(536) 


where corrected value, and ordinary value of viscosity, yl a 
constant, aiuU = mean free path of molecules, This gives at once the 
corrected velocity 

1 ‘+'‘s) .<■“> 

Hence the absolute value o„ in terms of the apparent value 0 ,,^^ is givoji by 


or 



(25) 

. m 


To apply this correction, a largo series of (j-valuos for diflVrent 
values of ^ are experimentally obtained by varying oitbor the proasure or 


the size of the drops, A graph is then plotted with — as abscissa, wlmit! 

ap 


*E. A. Millikan, Pki/s. Zeits,, 12, 161, 1911 j Pkjjs, Itev., 82, 39<l, 

t R Biir, Ann. d. Phys., 67, 167,1922. 
t Cunningham, Proo. lioy. Soo. A, 88, 360.1910. 
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p ^ prossuro of tho gas, and ei« as ordiimtos (Fig. 12). Tho graph 
becomes a straight; line, from which both Cn and A can bo obtained from 

tho relation (26), using tho conditions: (1) when =0, Cn - Cn^y 


"1 

(2) whon ^ 0, yl j « 


L (iXll. A . 

Ip \ap/ Ip O B 


Introducing this correction, Milllktm fonml that Khronhaft’s results 
gave more consistent valnos of e, Tlio second suuvcts of error is due to the 
assumption that tho atomised particles liavo tho same density as tho solid 
metal, It is quite probable tlnit during arcing, tlm nu!tal is oxidised, or 
becomes porous. 

A typical set of data giving tlie absolute value of o is shown in tlio 
'following tabled whitdi 1ms been taken from one of Millikan^s i)!ipcvs* 



riff. Id 

data are for oil partici(iH in air, and correnpoiul to tho straight 
lino in Fig. 12, 


* Ji, A. Millikan, Phil Jl%., 84,1,191?, 
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Table 3 


Number. 

Potential 

(Volts) 

Time of 
free fall 
h (sec.) 

O 

<D 

O 

Number 
of free 
electrons 
n 

ax 10* 

o 

S bj) 

%)a 

1 

a 

lO'* 

eho« 

1 

6650 

16-50 

0-06194 

7—13 

23-40 

74-49 

57-45 

O-04111 

63-21 

61*03 

2 

6100 

16-76 

•06099 

8—11 

23*22 

75-00 

75*5 

•04115 

63-204 

61-03 

3 

5308 

19-73 

•05180 

7—15 

21-34 

74-49 

63*0 

■04509 

63*54 

61-16 

4 

4132 

37-82 

■02703 

4—6 

15-33 

75-37 

86-7 

•06205 

64-27 

60-97 

5 

4661 

4009 

■02521 

3—6 

14*84 

75-00 

90-6 

•06484 

64-63 

61-21 

6 

4111 

51 *53 

•01983 

3-4 

13-05 

75*77 

101-3 

•06502 

65-02 

61-16 

7 

5299 

51-48 

•01985 

2-5 

13*05 

74-98 

102-4 

•07329 

66-07 

61-20 

8 

6661 

56-06 

•01823 

2—3 

12-50 

75*40 

106*3 

-07608 

65-13 

61-11 

9 

6082 

59-14 

•01728 

1—4 

12-17 

75-04 

109*7 

•07850 

66-19 

61-05 

10 

4077 

57-46 

*01779 

3-8 

12-34 

75-67 

107-3 

*07680 

65-21 

61-16 

11 

4663 

16-58 

*06165 

10—12 

22-72 

29-26 

150-6 

■10780 

66-70 

61-01 

12 

4661 

29-18 

‘03502 

5—7 

17-08 

36-61 

160-1 

•1146 

67-12 

61-07 

13 

4687 

18-81 

'05432 

8—10 

21-26 

30-27 

155-6 

•1114 

67-14 

61-26 

14 

4651 

47-65 

'02145 

2-7 

13-20 

36-80 

206-4 

•1477 

08-90 

61-11 

15 

4648 

32-72 

•03129 

4—6 

15-92 

31-35 

200-7 

•1437 

68-97 

61-39 

16 

3393 

18-34 

•05572 

12—16 

21-11 

20-58 

227-8 

•1630 

69-88 

61-27 

17 

4669 

46-82 

•02294 

2—4 

13-12 

29-10 

262-4 

•1878 

70-85 

60-94 

18 

4691 

26-62 

•03819 

5—7 

17-32 

20-64 

281-4 

•2014 

71-60 

60-98 

19 

3339 

14-10 

•07249 

15—19 

23-00 

13-24 

321-4 

•2297 

73-34 

61-20 

20 

4682 

39-24 

•02605 

3-5 

14-00 

20-72 

345-4 

•2472 

74-27 

61-22 

21 

3350 

18-30 

•05585 

10—13 

20-47 

13-62 

359-1 

•2570 

74-54 

60-97 

22 

3370 

43-88 

•02329 

3—6 

13-17 

20-47 

371-5 

‘2659 

75-00 

60-97 

23 

3381 

46-90 

•02179 

3—6 

12-69 

20-74 

380-6 

■2724 

75-62 

61-24 

24 

3345 

19-65 

•05201 

9-12 

19-65 

13-12 

388-5 

•2781 

75-92 

61-24 

25 

3344 

26-76 

•03819 

6—9 

16-57 

13-80 

438-3 

•3137 

77*74 

61-18 










Mean= 

= 61-129 


The above values of e have been compxited on the basis that the 
viscosity o£ air is |r=0’0001824, and the absolute value of electronic 

1 

charge; corresponding to the mean value e =61126 conies out to be 
e = 4*774 X 10 e. s. units. 

Experiments have also been performed on droplets of mercury in 
air, and on drops formed out of shellac in air. Taking the 
average of a large number of data for a variety of substances, and 
calculating the most probable error, the value of the elementary 
quantum of electricity as obtained from Millikan'’s experiments is 

e = (4774 ± 0*065) X10"^^ electrostatic upits. 
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ON THE ABSOLUTE VALUE OF ' e' 

27a. On the Absolute Value of e—Eecenfcly much controversy 
lins been taking place regarding the exact absolute value of the elementary 

6 

ele(;tronic charge e, specific electronic charge and some other fundamen¬ 
tal physical constants, e.g.j Planck's constant h and others, which we shall 
come across later, 

R. T. Birge’^ made a critical study of the different experimental 
methods, of methods of calculatioti and their probable errors in case of thirteen 
fundamental physical constants including the above. He recalculated 
their values by using the most up to date and reliable values of all mmiliary 
mnstanU^ avoiding any approximate formulae, and taking weighted mean 
of values of tlie same constant obtained by different methods. 

Thus, as stated befor(\ Millikan's value of electronic charge is 

c=a(4*774:i:0'005)x l0~^^ e. s. units. 

This was calculated on the basis of the following values : viscosity of 
air [x«0*()001824, and fj«>2‘999x cm. sec.** b Birge recalculated it, taking 
|ji a® O’OOO 18227 (value of 1917-determination), Michelson'sf value of 
velocity of light, (2W96rt,0‘00()04)x cm. sec.-b and recalculating 
all electrical quantities in international units, he obtains 

(3«(4768d:0’005)xl0-i^ e. s. units 

In recent years, other independent methods for the accurate determina¬ 
tion of e have been developed. These are based upon the relation (see 
appendix) iVc»»9648i0'7 e.m. units of electricity, whore N stands for the 
Avogadro number. JVlias been <l(d;ormined accurately (i) from an estimation 
of hittict^ (constant of crystals l)y Wadlundt (ii) from the absolute determina¬ 
tion of th(^ wavelength of line of Cu, (iii) by BHcklin§, from that of 

line of A1 ami (iv) by BeardenSS from K and lines of Ou. Their 
values of e are as follows: 

Wadluncl . c«{4*776d:0*000B)x 10-i<‘ 

Bilcklin . c«(4*793rt:0-0l5) xlO-i^> 

B(‘arden . c*(4‘825dh )XlO-io 


^ Iv. T. Birgis Phyn, Jkv> Si/ppP 1, 1, 1929. 
t A. A. Mieludson, Astn J,, 65, 1, 1927. 
t A. P, R. Wadlund, Proe, Nat Acad. Sei 
Jkr., 32, ail, 1928. 

8 K. Biicklin, Ahsolnk * WfllenlmgenheM%mm%(ngm 
Sirahlen, Vihmla J Eisner la hon, 1928. 

J. A. B(‘ardeTi, Proc, JVal, A^ad, Sci^ 16, 528,1929. 

F. 9 


14, 588, 1924; 

der , Rontgm 
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Birge considers the last two values much too liigh, and liolds that 
being pioneer works, they are open to unsuspected errors, and rejects them. 
Taking the weighted mean of Millikan’s and Wadlund’s values, he gives 
the most probable value of the electronic charge as 


e=(4770zb0‘005)xl0"^® e. s. units 
= (r5910±0'0016)xl0‘2® e. m. units. 

W. N. Bond,* on the other hand, has started discussions on the values 
of the fundamental constants from an entirely different point of view. It 
had been long suspected that some primary relation exists between the 
fundamental constants e, e and 1%. Attacking the problem by the method of 

he 

dimensions, it is found that the product ^ is a pure number, the same 
quantity occurs in Sommerfeld’s fine-structure constant (Chap, VII) as 

^ 3X 6^ 

a Eddington f has obtained from considerations of quantum 


mechanics that 


he 

2^ 


137. 


(27) 


Bond starts his calculations of e and h on the supposition that Eddington’s 
relation is correct. 

Birge has pointed out that the determination of Planck’s constant h 
from any experimental data is equivalent to the estimation of a constant A 
in an equation of the form 

h=^Ae' .(27rt) 

where n has the values 1, ti, If, 2, etc. . . . according to the method used. 
Thus in Eddington’s relation 

^ = ^.137 

c 

n—2 

Now if we choose any particular value of A permanently, and can assign 
to 6 its correct value, then since the values of h given by different methods 
should be fundamentally the same, we hope to obtain a value of h from 
equation (27a) which will not vary systematically with tlie value of the 

• 2jti 

index n. Bond has chosen • 137 and by trial has found that 

the particular value of e, for which the fe-values corresponding to the different 


* W. N. Bond, Phil. Mag., 10, 994, 1930. 
t Eddington, Proe. Boy. Soe. A, 126, 696, 1930, 
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values oflie uusymnu^tric^^^^^^^ about a mean value of //. This method 
gave him the following values for e and h 

e-(4-779±0-0017)xl0'^*’ e. s. units. 

=H6-559±0-0046) X org. soc. 

Further, from this consideration, Bond finds no justification for reject¬ 
ing Bficklin’s and Bearden's values of c, as Birge has done. It will be 
noticed that Bond's value of e calculated on tlie assumption of Eddington's 
relation is nearer Biicklin and Bearden's values than Millikan's. The 
two sets of values, however, are widely different, whicli leaves the situation 
very uncertain. 


28, — for very swift 

me 

electrons — Kaufmann^s 
experiment.—It Avas found 
by Kaufinann’^ tlia,t for very 
swift electrons, su<*h as (I-rays 
from RaC, wliich are i:)rojec- 
ted w,ith velocities tiearing 
the velocity of light the value 

of — wa,s not constant, but 

me 

decreased rapidly. In one 
of Kaufmaim’s experimemts, 

“ was found to liave as 

7HB 

small a value a,s IMXIO'^ 

e, m, units. We describe* be¬ 
low Kaufmann’s experiment. 
whi(‘h l(*(l to this important 
(liscov(‘ry. 

Tin* apparatus used is 
shown in Kig. l.*k 

R ... is a small speek of 
Ra within a, vaeunm ehamlxu'. 



Fig. 18 . K m frii IIIr«Ci aprit tu« . 


]*, P. .. arc a pair of platcH about 1’5 nuu. apart. A (Uffercncc. of 
potential of about ()700 volts is applied across them. 


* W. Kaufmann, Qdttingmer Nachr„ 1901—1903; Ann. d. Phys., 
19,487,1900. 




68 


tMe electron 


[li 


D... is a diaphragm in front of the space between P, P. 

L... is a photographic plate, situated- perpendicular to the plane 
ofP,P. 

N, S. .. are the poles of a strong electromagnet giving a magnetic 
field over the region from the source R to L. 

P-rays from Ra pass between P, P and are acted on by the electric 
field. They are led out of the plates through D and finally strike 
the photographic plate L. During the whole of the journey from 
R to L, the rays are acted on by the magnetic field whose lines of 
force are parallel to those of the electric field. At the beginning of the 
experiment, both the fields are withdrawn, and a spot corresponding to 
the direct beam is obtained on L. Then the fields are applied and 
the particles are deviated. The two deflections are at right angles to 
each other, the electric deflection being parallel to the plane of the 
paper, and the magnetic deflection above or below the plane. They 
can be both found from the positions of the deflected and un¬ 
deflected traces on L. These have been expressed in (6) and (7) as 

d X 

8 “ “ f[ fHdx]dx 

mv J Lj j 
0 0 

d X 

0 0 

a 

which give both v and —. Thus each point of the trac(‘ on the 
me 

G 

photographic plate gives :—^ corresponding to a definite velocity 
A few of Kaufmann^s results are shown in the following table 

which clearly indicates a variation of — with ih 

me 

Table 4 


-10 

«;XlO 

— xio' 

me 

2-83 

•63 

2-72 

•77 

2-59 

•95 

2-48 

1-17 

2-36 

1-31 
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Since p-rays from RaC possess velocities almost up to the velocity 
of light, the deflected points will be distributed on a continuous curve 
on the photographic plate reaching almost the origin. If again, the 
electric field be reversed during the experiment, a second branch of 
the curve will be produced, which is tlie image of the first correspond¬ 
ing to the points of equal and opposite electric deflections. It easily 

follows that if — were constant for all p-rays, tlie two brandies 


of the curve (Fig. lia) would 
meet, and have a common tan¬ 
gent at the iindeflected point. 

The experimental curve is 
shown in Fig. 14 (b) which 
clearly shows that the two bran¬ 
ches do not touch. The obvious 
conclusion from this result is 

fi, 

that ™ depends upon the 
nzc 

velocity of the particle. 

It was pointed out by Kaufinaim and J. J. 'Thomson that these 
results can be exi)lained by assuming that while e remains constont, 
m, the mass ol the electron, Ls not constant, bnt varies with the 
velocity. Various expressions have been found for the variation of 
the mass of the electron with velocity. According to Abraham, the 
electron in motion behaves as a rigid sphere. On this hypothesis of 
rigid dedroii..% Abraham* obtained the following formula for the 
variation of mass with velocity. 



m =x 


d mo fl + P’ 

4 p’" L 2p 


ln-\ 


i±i 


1-p 



(28) 


where j/to =re8t-mass, p = -^- According to Lorentz, a contraction 
occurs in the dimension of the electron in the direction of th(! motion 
in the ratio'\/1 “ P': 1. On this hypothesis of roiilnictilr riccliviiK, 
Lorentz* obtained the following expression for the variation of mass 
with velocity 

^.(29) 



* For the derivation of Abraham and Lorentz-formulae, see Lorentz, 
Theory of EUotrons, V. 
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TMs expressioa was also deduced independently from the prin¬ 
ciple of Special Eelativity by Einstein, and is generally referred to 
as the Lorentz-Mimteiri^ formula. 

A large number of experiments were curried oat by Bucherer, 
Giiye, and others to decide between the two rival fonniilae. The 
Lorentz-Emstein formula was found to be correct. We describe 
below Bucherer^s experiments. In this, the nietliod of crossed fields, 
explained in greater detail in Chap. Ill was used. 

29. Bucherer’s Experiment.—The main purpose of Bucherer^sf 
experiment, as stated above, was to decide between the Ahrahani 
rigid electron and the Lorentz contractile eleetrmi. • The ■ expeid- 
mental arrangement used for this lourpose is shown in B^ig. 15. 
A parallel plate condenser with two circular plates A, B very close to 
each other was taken. A small speck of RaT was placed at R, the centre 
of the lower plate. The condenser was connected to opposite 
terminals of a battery, and the whole was placed inside a co-axial 

i D 


Ug. 15. Arrangements or Buchorer’s expeiiment. 

the circumference of the cylinder. 

On withdrawing the magnetic and electric fields, at first (i- 
particles from RaF were ejected in straight lines between the 
plates, and struck the photographic film so as to produce a complete 
circular trace on it in the plane of the condenser. Now suppose 
the fields are applied. Let a particle start with a velocity r in a 
direction B with the magnetic field. If the magnetic and electric 
fields are not properly compensated, it will be arrested hy either of 
the plates A, B. It will be able to pass out of them, when the fields 
have satisfied the condition 

Xc — Hm sinSc .. (30) 



cylinder C D which was eva¬ 
cuated. The cylinder was 
kept between the poles of a 
rectangular solenoid, so that 
the magnetic lines of force 
were parallel to the plates 
of the condenser, and per¬ 
pendicular to tlie plane of 
the paper. A photographic 
film was inserted all along 


* Einstein, Ann, d, Ph^js. F, 17, 1905. 

I* A. II. Bucherer, Ann. d. Fhys. /F, 28, 513, 1909. 
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.STO^ = ~..(32) 

What happetis wlicn a P-particle conioB outside the plates 1 Ifeix^ 
a particle is acted upon by tlie nuiguetic field aloiici, and is deflected 
in a spiral i)ath, and strikes the cylinder at a distajice below tlie 
circular trace. We can get an idea of the amount of deHcctiou 
for dilferent particles coining out in different directions as follows. 
From the relation (32) we have, when 


30”, 

P-1, 

?;s=C, jr.«0 

Jt 

‘) ’ 

1! 

v«='|r, :a:«=iuaximinn 


6*—150^ [i==l, v^e, %«=0. 

For, the radius of curvature of the deflected path is pro])()rtional 
to the mass of tlic i)article, wliich becomes infinite when IfeiKa^ 

the particle travels undefleeted ; in other words, in the dircudions 
of 30“ and 150^ the partM^^^^ directly meet the undctllecdcHl circular 
trace. The pa,rtic,l(‘s Buffer a maximum dcih'ctiou in a din'.ction 
midway between them, that is, at 6 « 00\ In otlicr dirc'ctions, the 
deflections have intiunuHliatc values. No partieJe can cscuipi^ from 
between the plates in a direction for wliich 0 li(‘s ontsidc tlu', ranges 
S(f and 15()\ For wlien $^15(f or $<80\ r>r, whicti is an 



F%. n 

TrftCHM of the electron In BttChoror*8 <'XiH»rin)eivfc. 


iuipoHsibh' velocity for any tnaterial particle. On iiurollinp: the film, 
the tra.c(!,s .show the appearance given in Pig. K). The (*,ciitral 
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line corresponds to the undeflected circular trace, and tlic deflected 
traces corresponding to the applications of direct and reversed 
fields are on either sides of it. 

At the point corresponding to the maximum deflection, the path 
of the particle is circular, so that we can calculate the radius of 
curvature r in terms of If r be the radius of curvature-of the circle 
and a the distance between the photographic plate and the nearest 
end of the condenser we have 


2r—% 

We therefore get ~ Hev or ?n = ^ {kA-- 

r 2^ \ 


Using the Lorente-Einstein formula m = mo (1~ 


we obtain 


e _ ^ ^ % . 1 

mo H -/ll - 

° H ^ ^ . .(33) 


Since P ==i, hence tan (sin 
formula 



We have using the Abraham 



e 2 ex 


26—tanh 28i 

mo E(a^ + x.^) 

Up 

tan 28 J 


(34) 


where 6 = tanh-^p. 


6 

Thus the absolute values of — can be calculated from the 

mo 

experimentally observed maximum deflections corresponding to 
different values of p by means of the formulae (33) or (34). The 
relative constancy of the values calculated from the two formulae 
allows to decide between thejiif The data obtaiped are shoyrji 
below: 
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Table 5 


ji=l 

c 

H 

{nmi) 

-i- • ,10-’ 

me 

(Lorentz) 

. 10-’ 

me 

(AbraJiani) 

•3173 

J04-55 

lG-37 

l-7f)2 

1-726 

*3787 

115*78 

14*45 

1-761 

1-733 

*4281 

127*37 

13-50 

l-76() 

1-723 

•5154 

127*55 

10*18 

1*763 

1-706 

•5154 

127*55 

10-35 

_ 

— 

•6870 

1 

127-55 

6*23 

1-7G7 

1-64.2 


llie above results show thjit the Loronte-Einste^in formula ai^rees 
closely with tlie < 3 xperiniental observations, wliile the values calculatcid 
from the Abraham fonmihi do not satisfy tlic cxporiniental values. 

30. Early Determinations of e. —Tlie earliest (lefconnination of 
the absolute value of the electronic charge was due to TownseneP in 1897. 
His experiiaent, though not very accurate and based on assumptions not 
()[uite free from objections is interesting, as it utilised practically all the 
principles underlying all subsequent accurate determinations of e. 

It is well-known that the gases liberated during elecjtrolysis at the 
two electrodes of a voltameter carry electric eliargcs of positive and 
negative signs with them. Townsend showed that when these gases were led 
into a chamber saturated with aqueous vapour, they formed a stable cloud 
iu the chamber due to the condensation of water vapour round the ions. 
On standing, the cloud was seen to settle slowly under the force of gravity 
with a constant limiting velocity. He assumed that each cloud drop 
was formed round a single gaseous ion, and observed the limiting velocity 
of fall of the cloud-top by means of a microscope. From this lie 
calculated the radius of a single drop by using Stokes’ law 

.(sro 

dr] 

where p = density of water, a -- density of the gas, q « vis(*osity of tlie air, 
arul a = radius of each drop. The mass of the single drop m was tluMi 
(*alci:dated from th(3 relation 

. 0 ( 5 ) 


* Townsend, Proe, Qim. philSoe,,9^ 244, 1897, 
F. 10 








74 


TBE ELECTRON 


[II 


Now the cloud was completely absorbed in bulbs of known woig-ht con¬ 
taining drying agents like concentrated sulphuric acid. The increase of 
weight of the bulbs gave the mass of the whole cloud M. Thus we obtain 

, , , . M 

the number of waterdrops forming the cloud, viz., ■ 

Finally, the total charge carried by the cloud was measured by 
means of a quadrant electrometer. If E be the total charge, the charge on 

each gaseous ion is gWeii by e = Townsend obtained by this metliod, 

values of 6 ranging from 2*4 x s. units, to 3’1 X s. units 

with ions of different gases. 

The main sources of inaccuracy in the above experiment are the 
{issimiptions:—- 

(1) That each drop was formed round a single gaseous ion. 

(2) That die drops were all of the same size. 

(3) That the continuous evaporation of the droi)s liad no effect on the 
mass of the drops, 

(4) That Stokes’ law of free fall was valid for such small droplets. 

(5) That the velocity of the drops was not disturbed by convection 
currents in the gas. 


J, J. Thomson’s Experiment.- 

The next attempt for the determination of e was ch.ie to Sir J. J. 
Thomson’’' in 1898. His method closely resembled that of Townsend, 
except that a different method for the formation of cloud was adopted. 
He used, in fact, C. T. R. Wilson’s cloud chamber [ude Chapter I). 

The charged ions were formed in the cloud-chamber itself by some 
ionising agent, such as X-rays. The mass of a single droplet was 
calculated by precisely the same method as by Townsend. The total mass 
of the cloud was calculated from observations of the temperature of 
the chamber before expansion, and the minimuni temperature attained 
(luring expansion. Let Ti, be the two temperatures and py and Pz 
the corresponding saturated vapour densities of water vapour. Tlnm from 
the known volume of the chamber, the masses M\, Mz of aqueous vapours 
saturating it before and after expansion are calculated. Now assuming 
that the excess of vapour in the lower temperature has condensed into 
cloud, the total mass of the latter is given by if] --Mi, Following this 
method Thomson obtained values of the electronic charge ranging between 
5*5 X 10”i^to 8*4 X 10“^® e. s. units. It will be noticed however that 


J, J. Thomson, Phil 3Iag,, 46, 528, 1898, 
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the main objections to Townsencrs method all existed in Thomsc)n^s deter¬ 
mination, and moreover the value of total mass of the cloud was more 
uncertain here. 


Wilson’s Balanoed Dkop Method 

Thomson’s method was ingeniously modihed by H. A. Wilson ^ in 
1903, so as to eliminate some of the sources of errors. Firstly he placed 
inside the chamber two liorizontal brass plates 3*5 cm. in diameter and 
about 8 mm. apart. Waterdrops were condensed round charged ions 
between the plates as before, and the mass of the individual drops was 
determined in the same way by applying Stokes’ law. Secondly an electric 
field was then applied between the plates, the upper plate being connected 
to the positive potential and the low’er plate earthed. The electric force 
thus created attracted the negatively charged drojis upwards against 
gravity, and by suitable a<ljiistment of the electric field, it was possible to 
balance the two forces and keep the drop suspended at any position between 
the plates. Wlien this condition was attained, we have the relation 

Xe^^mij .(37) 

where X = the applied electric field. Now m being known as before, o was 
easily calculated. The method was decidedly an improvement over the 
previous ones, as it avoided the uncertainties involved in tiie calculation 
of the mass of the cloud. Taking the mean of a large number of observ¬ 
ations, Wilson gave the final value of e to be 4*77 x 10“ e. s. units. 

The method is, however, still open to the same serious objections as are 
mentioned under Townsend’s experiment, and they have been largely 
eliminated by the elegant improvement due to Millikan, described in 

31. Dimensions of the Electron.—In the previous para¬ 
graphs, we liave given an account of the experimental determination 
of the charge, and mass of an electron. Nothing has Ixam said 
regarding its dimensions, except that we have implicitly assumed it to 
be a mere geometrical jiarticle. But the particle is nun-edy the 
pure mathematician’s alistraction, it has got no other pliysical basis 
except simplicity to recommend it. 11^’om very early tinuvs, then-e 
has been a tendency to regard the electron as a sph(U‘ic.al body 
of extremely small radius with either a uniform volume or surface- 
distribution of electricity. Such a picture cannot evidently be 
strictly correct, for the parts of the electron would repel each other, 


A. Wilson, ni/. Mag., 5, 429, 1903. 
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and the electron would disappear in an explosion unless tlier(‘ bc^ 
certain ‘ hidden forces ^ balancing the forces of repulsion. The 
conditions of stability of the electron have not yet been elucidated, 
but a number of results was obtained from classical electroclyinunies, 
which were interpreted in interesting fashions. Some of th(‘S(^ nvo, 
given below in brief outline :— 

(I) All mass is electrical. 

Experiments described in §§ 28, 29, have proved that the mass 
of the electron is not invariable but varies with the velocity aecording 
to (II, 29). To a physicist of the nineteenth century aeciistomed to 
regard the principle of conservation of mass as an jibsohite truth, 
this result would have appeared extremely strange. Hut tlie way 
was prepared by painstaking studicKS in classical electrodynamics. 
J. J. Thomson showed in 1885, that when an electrified sphere of radius 
a moves with the velocity r in a medium having the i)erirK'al)iHty 
[X, it creates in the surrounding space an e. m. field, wliose strcnigth 
varies as the velocity. On account of this field, therci is a, storag(^ 
of energy which can be obtained by integrating the eiiergy-’(lensity 
over the whole space. The additional energy was shown by J. J. 
Thomson to be equal to 


E- 


2 

.15 


arr 


. (38) 


Thomson illustrated the apparent increment in inertia by giving 
a hydrodynamical analogy. When a spherical body is set in motion in 
a liquid with the velocity v, it produces motion in th<i liquid, and tlu^ 
total energy of this motion can be calculated with the aid of hydro- 
dynamical principles. This ‘ additional energy ' causes an api)arent 
increase of inertia of the material body which, in the (‘as<‘ of th(^ 
spherical body, is equivalent to the mass of the displacMnl li(piid. In 
the present case, we may regard the charged parti(‘io as gcMunnling 
moving lines of magnetic force in the aethereal fluid and thes<‘ moving 
lines of force eaiise the apparent increase in inertia. 

The electrodynamics of moving spherical charg(vs w<‘rc furtluM* 
considered by Lorente and Abraham. For a detailed a,ex‘()nnt of 
these works, special treatises ought to be conBultod.* Ihit a l)ri(‘f 
outline may be given here. 

Let a spherical charge e move (Pig. 17) with the velocity n 
being much smaller than e. Then the moving charge is equivalent 


* See Lorentz, Theonj of ElGOlrons, p. 210. 
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to a current 


eu 


The magnetic field at a distjiiice r due to the 


moving charge is 

11 ^ ^ 

.i ji ’* 2 

c r 

whore r = OP, XOP — 0, the directioti of IT being peipendienlar 
to the plane of the paper. 

The total e. m. energy associated with the motion is 

1 , 






dsi 


8k e' 




dsi 


The iiitegnitioii taking place over the 
whole space exterior to the electron, /.c., from 
r ==:= a to r = oo. The total cixergy then 
comes out to be 

E - " .(41) 

d ac^ 

This may be put equal to where 

m is the mass of the electron. We have 

. 

According to this theory, the whole mass 
is sui)posed to he of electrical origin. If the 
hypothesis be correct, we obtain from (42) 
an estimate of the radius of the electron. 
Wo have 


(40) 



F%. 17. 


3 rnc^ 


(43) 


=*= 1*9 X 10* em. 

The above proof is correct only if u be small compared to r?, 
the velocity of light. When this assumption can no longer be iimde, 
tlie calculations become very nuicli involved, and original sources 
must be consulted. Supposing tliat in course of motion tlie electron 
continues to remain spherical (htjpothesis o f rigid eieetronsl Abraham 
deduced (28) for the value of the mass. Lorentz, on the other hand, 
showed that the calculations become much simplcu’ if we assume that 
the diameter of the sphere is contracted in the direction of motion 
m v'!cf" : 1 {hypothesw of coutracUle deo'kons). Ho arrived 

at the formula (29), which, m mentioned above, was independently 
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deduced by Eiiisteia from the Special Theory of Relativity iiiid lias 
been found to agree with experimeatal I'esiilts. 


32. The Rotating Electron.—Abraliani fLirther proved tliat 
the spherical electron maybe supposed to be rotating about an axis 
passing through its centre. In such a case, it will possess an intrinsic 
magn etic moment, and will behave like an elementary magnet. He 
calculated the value of the magnetic moment |x as well as that of the 
mechanical moment a and found that the ratio of the two .moments 


a me 


(44) 


The hypothesis of Rotating Electrons has been revised in 
recent years by Goiidsmit and Uhlenbeck to explain duplicity 
phenomena in Spectroscopy {vide Chap. X). Ent on the otlier 
hand it attributes to the electron certain, properties whicli are 
scarcely comprehensible. ¥oi\ on this hypothesis it conies out (ndr 
loc- (dt.) that the peripheral velocity of the rotating electron is several 
luindred times larger than the velocity of light. This is ii great 
difficulty whicli has not yet been overcome. 


33. The Electron as Wave.—Einally, we may mention at this 
place the far-reaching discovery of De Broglie that an electron, 
moving with the velocity v may be regarded as a bundle of waves of 
mean length 



mv 


(45) 


e * • 

moving with the wave velocity hut with the group velocity th 

This subject will be taken in much greater detail in a subsequent 
chapter. 


34. The Atom of Positive Electricity—The Proton.—After 
the atom of negative electricity was finally isolated and its charge and 
mass measured, it was natural that the atom of positive electricity 
should be looked for. But no exact counterpart to the electron was 
found up to 1933. The smallest positively charged particles so far found 
possessed the same charge as the electron, but its mass was equal to that 
of the hydrogen atom and it is therefore 1847 times heavier than the 
electron. It is in fact ideutioal with the nucleus of the hydrogen atom 
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(see Cluip. Ill), It was supposed that this was the siaallest jitoia 
of ])ositiye electricity, and to tins the name of was given, 

35. The Positron.—But quite recently several investigators 
seem to have satisfactorily established the existence of tlie pos'itron, 
wliich lias got a positive charge equal to that of the electron and the 
same mass as the electron. It is thus tlie exact positive counterpart 
to the electron. The Proton, according to I. Curie and F. eloliot, is 
composed of the umttron^ a neutral mass liaving almost tlie sanu^ 
W(dght as the H-atom, and a positroji. For details mo (diap. III 
and the last cliapter on Niielear JNiysies. 

Thr Ca:na.:l Ravs. 

In the discharge tube, positively charged particles occur along with 
electrons, Godstcin found in 1,886 that if the catliode be perforated, 
and tin’s discharge tubc^ prolonged on the side away from the cathode 
{rirle hhg. 1, Chap, III), a system of charged particles is- found to 
[irocoed in a straight line frpm the cathode in a direction oiipositc to 
those of the electrons. He gave to these the name of “ Qmal Rays, 

‘ Kaiial ^ being the German word for channel. These canal rsiys 
have characteristic colour, and J. J, Thomson found that the mineral 
willernitc which i,s a silicate of zinc, iihosphoresce brightly when 
exi)()S(Hl to these rays. Later experiments by Wien and Thomson 
sh()W(id that these particles arc positively clnirged, hnt possess as 
large masses as the atoms and molecules of the residual gas within 
tlie tube. They are in fact identical with atoms or iiiolccules which 
have lost some electrons. The exi)crimental methods for stiidying 
tliem will be desciibed in Chap. III. 

Booh MeoommendeiL 

On the Phenomena in a discharge tube: 

—Kaye, X-rmjs, Chap. I. 

—Townsend, Ehcirieity in Gases, Chap. XI. 
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—Langmuir and Compton^s article in Reviews of Modern 
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On the determination of — for cathode rays: 
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Electric and Magnetic fields: 
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On the determination of ‘e’: 

—E. A. Millikan, The Electron (1916). 

— Perm, Les Aiomes (English Translation Atoms) (19'2B). 

—Bandhuch der Physik, loc. dt. 

On the determination of — for swift S«rays: 
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On the Dimensions of the Electron: 

—Lorentz, Theory of Electrons. 



CHAPTER III 


POSITIVE BAYS 

36. Experimental Study •—III Chapter I, wc liaye already 
mentioned the circumstances leading to the discovery of Positive Rays. 

Tlie e:xperimental methods for tlie study of tlie iiositive rays 
were evolved by W. Wien* and J. J. Thomson, It was found that 
the positive i^ays were deflccttid by a magnetic field in a direction 
opposite to that of tlie electrons, but the defiections were rather too 
small Tlie method of crosml fields which is used for finding out tlie 
value of e/m for electrons was not found suitable for this case, and a 
fresh method was worked out in which the holds were kept parallcL 
This nietliod had already been applied by Kaiifmann for finding out 
e/m> for (3-rays (electrons from radioactive bodies which sometimes 
move with velocities approaching e) and is generally known as the 
mefliod of parallel fields. 

We desci'ibe below J. J. Thomson's apparatus in which his 
classical experiments were done. 



Figr. 1 

J, J, Thom ion’** po«itlv«! ray apparatus. 


^ Wien, Verh, d Phys. Qesell, 17, 1898. 
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A ... is a large glass flask in which the discharge takes place. It has 
a side tube containing cocoanut charcoal in liquid air, 

K •. . is the cathode, made of a rod of soft iron with aluminium end, 
and pierced axially by a fine hole through which the positive 
rays enter into the space to the right. Sometimes the diameter 
of the hole is 0*1 of a mm. 

P,Q . .. Pole-pieces of an electromagnet. 

L, L . . . Pieces of soft-iron with plane faces between which the electric 
field is applied. They are enclosed in an ebonite box, 

J ... Water jacket for cooling. 

R ... A carrier containing the photographic plate which is exposed to 
the positive rays. 

Thus both the electric and magnetic fields are applied parallel 
to the plane of the paper. On running the discharge tube, positive 
ions move towards the cathode and finally a fine pencil of rays pass 
through its nanmw bore. They are then subjected to the sinuilta- 
neous action of the electric and the magnetic fields between L, L 
and their deflected traces photographed at R. 

To obtain good results, the whole apparatus is to be carefully 
evacuated. If the vacuum in the discharge tube becomes too higli, no 
discharge can pass through it, while, if the vacuum is insufficient, the 
positive ions will suffer frequent collisions with neutral gas molecules 
and the latter may pass through the cathode and strike R instead of 
the positive ions, and thus give rise to unexpected and puzzling results. 
On the other hand, the pressure on the camera side may be as low 
as possible. This is effected by additional exhaustion of this part 
through a side tube. The extremely narrow bore of the cathode 
serves to maintain the difference of pressure on either side of it. 
The cocoanut charcoal in liquid air contained in the side tube serves 
to regulate the pressure of the discharge tube. 

37. Theory of the Method of Parallel Fields.—It is clear 

from the description of the above apparatus that the pencil of 
charged particles is projected along the axis of the tube (say the 
x-axis) with the initial velocity v. This velocity may vary within wide 
limits. The electric and magnetic fields HJ and H are both applied 
vertically along the axis of z. The electrostatic deflection is along 
the z-axis—let us denote it by x. The magnetic deflection is along 
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the y-axis, as the deflecting force is parallel to this axis. The 
particles are received on a plane parallel to the yz-plane. Let ns 
now find out the displacements. Let e and m denote the charge and 
mass of the particles in general. 


(a) Thi 5 ELEOTKOSTATro Deflection. 


Lefc CO represent the axis of the tube 
(x-axis), 0 be the central point on the 
plate where imdeflectecl particles fall 
on the plate, OA the length of the 
electric field. 

Let CO = I, CA = a. 

Then as proved in §21, Chap. I, 
the particle describes a parabola up to 
CP and then flies ofl*at a tangent to the 
parabola and hits the plate at Q. We 
have 



rig. 2 

Dellecfcion of posltlvii rayfl in electric field. 


= OQ « OF -f P'Q 
- AP d- P'Q 


yince the parabola is given by 






( 1 ) 


and the a'X.ioordinate of P « a, AP ihe 7..coordinate of P is obtoined by 
putting x^a in ( 1 ). We luive 


AP 


Ee 

§mv^ 


.a2 


Now P'Q « wt, where la «« z-component of the particle-velocity atP, 
and t is its time of flight from P to the plate. We have 


w 


Ee 


as — » vertical acceleration, 


J^a 

m V ’ 

a 
"v 




time of flight from 0 to R 


Therefore, 


P'Q 


Ee ., . 

o-«) 


Hence we have 
% 


^A, wh«re 


(2) 
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( b ) The Magnetic Deflection. 



hit the plate at R, 


Let OOR represent the xy-plane, 
OR representing the y-axis. In this 
case the particle describes a circle 

with radius p « = CO', suid 

centre O'. 

Let represent the length of 

the magnetic field. The particle de¬ 
scribes segment of a circle up to M, and 
then flies in a tangent to the circle to 


Hence 


Now 


y = 

BM - 


OR^OM'+M'R 

EM-hM'R 

CE2^ ^ 

2p 


M'R = MM' tan 6 

= (/—0 sin 0, when & is wmalL 


rsa 


P 


Therefore 


where 


y - ¥-f +»«-») ] 




When both the fields are simultaneously applied we have 


eE 

« - r- 

mv^ 

■.A, 

A^a ^ 


= jK 

^ mvo 

■B, 

1! 



0) 


(2a) 

(3a) 


The positive particles may Lave any velocities from inaximum to 
zero. Hence the trace of the particles on the plate is obtained by 
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eliminating’ v between (2a) and We get 


Ae^E m 


(4) is the equation of a parabola in the yz-plane wilili its axis paraJkd 
to the y.-axis. But tluMvhoIe prirabola is not (lestn’il)eAb only a part of it is 
described. For, tlie rnaximuin velocity of the particles is giv(3n by 


wliere V is the {potential diHerence in tlie tube. 
These particles fall througli the whole potential 
difference l)c4\vtH)n tlie anode and the cathode. 
Hence the inininiuin value of is given by 

EA 

and since the particles have only one kind of 
charge, y has only one sign. 8o only a trace like 
jt). (I?ig» 4) is described. By reversing /J, wo got 
p'j the image of p below the z-axis. If tho 
electrostatic field is reversed, wo can have the trace 
to the left of the y-axis. 

A number of Thonisords parabolas are shown 
in Plato I (Fig. 5). 



Fig. 4 

Ideal PoBitlve my Pambola. 


38. Positive Ray Parabola.—In Fig. 5 and the following 
figures (Figs, ti, 7, Plate I) tlie deileotion due to tlic magnetic fi,eld is 
vertical, wdiile that clue to the electrostatic fhdd is liorizoatal. The 
central point (U)rrc‘,sponds to nndeflected partiides. 

A particular parahola is due to particles posscssiag the same 
vahu', of rjm and thcjse particles have retained their charges through- 
out the wholes of their journey through the electric and magnetic 
Fulds. hitch point on a partioiilar parabola corresponds to a definite 
velocity, a.u(l tlui vdocity of the particles is according to (5) pro¬ 
portional to th(j tangent of the angle joining the origin to this point. 
Hence the points nearest the axis correspond to the highest velocity 
of the partielcjs as given by equation (5), and the points further away 
corr<}Bi:)ond to decreasing velocities. The parabola is not of uniform 
brightness ; which shows that the velocity distribution of the particles 
is not uniform. 
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The lines joining the origin to the parabolas which sometimes 
appear on the plates are due to particles which get charged or 
discharged within the fields. This is proved by shortening the fields, 
when these lines disappear. For explanation of other details, 
see original papers, or J. J. Thomson's Positive Bays of Eleetriaity. 

The outermost parabolas are those which have the largest latiis 
rectum, and hence the smallest value of ejm. For the outermost para¬ 
bola in Ehg. 5, efni was found on calculation to be 9645 and it has been 
ascribed to H"**, i.e., due to hydrogen atoms which have one positive 
charge. Once one parabola on a plate is correctly assigned, the 
for others can be identified by comparison, and then their origin 
can be looked for. Thus in Fig. 5, parabolas have been ascribed 
to 02 '^, Hg'*’. For the parabolas ascribed to oxygen 

the ejm values were found to be sV of ejm^^ hence they were 

identified with O'*”, Oa"**, respectively. We thus observe that 

the oxygen-molecule in the discharge tube may have a single plus 
charge, may be broken up into atoms each with one plus charge, or 
two plus charges. This is a general phenomenon, and the Hg-atom has 
been found with sometimes 'as many as eight positive charges [vide 
Plate I, Fig. 7). B%it the hydrogen atom was mver fotmd with more 
than one plus charge. This fact was one of the bases of the assump¬ 
tion made by Bohr that the H-atom cannot contain more than one 
nuclear positive charge [vide Chap. VII). 

Besides positively charged particles we may have negative 
charges only, e.g., H (Pig. 5). 

Fig. 6 is interesting- In this experiment the tube contained 
some residual Ifc-gas, whose atomic weight as determined in 
the laboratory is 20*2. A parabola corresponding to ni-^2Q was 
obtained, but just below this a fainter parabola corresponding to 
w=22 was just visible. As there is no element having the atomic 
weight 22, it was supposed that the parabola 22 is due to an isotope 
of Neon [vide supra) with the atomic weight of 22. The investi¬ 
gations at this point were taken np by F. W. Aston and are described 
in the following sections. 

39. Applications of the Positive Ray Method to the Study 
of Isotopes.—^The greatest triumph of positive ray analysis has been 
achieved in its application to the problem of isotopes, i.e,, 'oi atoms 
possessing different weights^ but having the same chemical and 
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pkymeal properties. In Chap. I, we have described in brief Prout^s 
search for a fundamental atom. ProiiPs hypothesis came to grief, 
because Dumas and Stas, in their fundamental researches on the 
determination of atomic weights proved that many atoms had weights 
which were not integers hut involved fractions. Thus Cl was found 
to have the weight 35‘5, Iodine 128'1, and Neon 20*2. Front tried to 
explain these on the hypothesis that the half-hydrogen atom, or 
the quarter-hydrogen atom was the fundamental atom, but such 
attempts could be regarded only as artificial. So thronglioiit the 
nineteenth century the belief became universal that the weights 
of atoms were not in general integral. 

But the whole aspect of the question was changed in the 
beginning of the twentieth century. Evidences began to pour 
from different directions which showed that a belief in the constancy 
of the weight of the atom could no longer be maintained. First of all, 
no positive unit of electricity having a mass smaller than that of the 
H-atom could be found in either the discharge tubes, or in other 
experiments where a breaking of atoms is expected. Hence if atoms 
are formed of protons and electrons, their masses ought to be, apart 
from the small masses ascribed to electrons, integral multiples 
of the mass of the Pl-atom. Secondly from studies in radioactivity 
(IV, §§ 61,62) it was found that if we take the two chief radioactive 
groups, 'one headed by Uranium, and the second by Thorium, 
and trace the radioactive changes in the -two groups, we find 
that the end products‘in both cases are lead, but closer scrutiny 
[vide Chap. IV) shows that while Pb from U can have an atomic 
weight of 206, Pb from Th has the weight 208. Ordinary Pb was 
found to have the A. W. 207*22, It has been supposed that Pb in 
Uranium-bearing minerals may differ considerably in its A. V, 
from Pb from Thorium-bearing mineral. This was actually found 
to be the case. Hbnigschmidt found that Thorium-lead 
extracted from Ceylon-Thorianite had an atomic weight of 207*77, 
while Richards and Lambert found that the Uraniolead from 
Norwegian Clevite had an atomic weight of 206*08, in striking 
agreement with theory. Both these types of lead had identical 
chemical and pliysical properties, and could not be separated from 
one another by any chemical or physical means. Their spectra were 
also found to be identical. 

On certaiti other basis which will be more fully discussed in 
Chap. IV Soddy and Pajans developed their theory of isotopes. This 
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was a term coined by Soddy to denote the different forms of the same 
elements which like U-lead, and Th~lead have identical chemical and 
physical properties but differ in atomic weights. It was supposed 
that all elements which showed fractional atomic weights were 
mixtures in fixed proportion of different isotopes, the weight of 
each of which was integral. 

Thus Neon has an atomic weight of 20’2. Positive ray analysis 
quoted in §37 however showed that Neon gives two parabolas having 
the atomic weights 20 and 22. It is therefore probable that Neon 
consists of two isotopes Ne 2 o andNe 2 2 mixed in different propor¬ 
tions. Ve may therefore assume that 

Ne = Ne 2 o *90% + Ne 2 2 10%» 

As most elements show atomic weights involviug fractions, they 
may be supposed to consist of a number of isotopes each having some 
integral weight but mixed in diffex-ent px'oportions. The discovei^y of 
a general and powerful method for the separation and quantitative 
estimation of these isotopes has been the crowning achievement of 
F. W. Astoids long-protracted labours. The pjirabola rnetliod 
described above gives also a means for separating these isotopes. 

It has been found that the parabola method is specially suitable 
for the mass analysis of light elements. Aston'^ has extended this 
method to the determination of the isotopes of Li, and Q. P. Thoinsont 
to the case of Be, In these cases only the method of production of 
positive ions was improved. They employed a hot anode discharge 
tube with perforated cathode, and phosphates or sulphates of the 
metals were deposited on the anode. The anode consisted of a strip 
of platinum which was electrically lieated and gave out metal ions. 
The device was first introduced by G-ehrcke and Reichenheim and tlu^. 
streams of particles were called by them Anode mys, Lithiuin ga,ve 
two parabolas and was thus found to he composed of two isotopes 
Li^ and Li^ while Be was pimvedto be a simple element of mass 9. 
{vide however supra), 

40. The Mass-Spectrograph. —Aston found that Thomson’s 
method of analysis of positive rays, though almost ideal for a geiuiral 
survey of masses and velocities, was not suitable as an instrument 
of precision, and required too long exposures. For pix'-cisiou 


Aston and G. P. Thomson, Nature^ Peb. 24, 1921. 
t G. P. Thomson, PhiL Ma^,, 42, 857, 1921, 
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nieasurements, the parabolas must be very fine. Though this can be 
achieved by taking long, fine bores, the procedure is not without 
its disadvantages, for the intensity falls off* as the fourth power of the 
diameter of tlie bore, and exposures with narrow beams become 



unusually long. For removing this and other defects, he was led to 
devise another a|)paratus* in which i)articles possessing the same ejm^ 
but differing widely in velocity and direction can be focussed on 
a single point. The plan of the api)aratu8 is shown in 8, and the 
actual ai)paratu8 in Fig. 9. Tlie description of the apparatus is 
given below. 



Sj, Sa ... are two narrow slits of special construction, through which 
the positive rays pass. 

Pi, P 2 ... parallel plates for applying the electrostatic field. 

D ... a diaphragm; the rays enter the space obliquely, diverge, 
and a wide beam is allowed to pass through D. 

Aston, PhiLMag.^ 38, 709,‘ 1919, 

F. n 
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0 ... the centre of the circular pole-pieces- The magnetic field 
is applied perpendicular to the plane of the papt^r so that 
the magnetic deflection is parallel to the plane of tlie 
paper. This deflection is in the opposite direction to that 
of the electrostatic field. 


In Fig. 9, B is the discharge tube in which the rays are produceci 
Si, S 2 are the slits, and P, P the plates. The diaphragm is placed near L. 
The magnetic field is applied at M. Z is a pair of earthed plates whicli 
protects the beam of rays from the action of any stray electrostatic field. 
Tis the photographic plate which can be manipulated by a rod working 
through the ground glass joint V. The beam of rays can be thrown on th€3 
willemite screen Y and its intensity examined through the window W. S 
is a source of light from which a fine bean can be thrown on T and thus a 
fiducial spot can be obtained from which measurements are to be made. 

For practical purposes, we may suppose that tbe rays diverge from O, 
Let 0 be the electrostatic deflection of a set of particles of velocity Qp 
their magnetic deflection from the initial direction Si S 2 . We have 
then. 


aEe bile 

ss=-- Cp ==s - 

mv^ nive 


{rxf) 


Hence constant, (pv= constant for all rays iiaving the mmm 
e/m^ and deflected within small angle. 

We have from (5^l^) 


So that 


$ V ^ cp V 


6 (p^ 


m 


Suppose we have a beam diverging from Z. Let ZO be th (3 (*entral Ixuini 
(passing through 0, which makes an angle ^ with SiSgD the lino of hViUI 
Let the extreme beam through D make an angle $-¥^6 with SiS 2 ,I>. 
Then at 0, the half breadth of the beam is h 6(9. From (), tlu’i(‘(mtial Ix'uiii 
diverges through (p, i.e., the angle AOP, and the extreme beam through <p -I- 
and let the two beams meet at P. Then from simple geometry W(* fiix! 
that the angle between the rays at F is 8((p—^). 

Since the rays are supposed to come to a focxis at F, we have 

A 8^ = r5(q5—^), where r » OF 
Hence with the aid of (6), we have 
r ((p-2^) « 


. . ( 7 ) 
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It is now easy to see that if we draw a line ZPi, so that PZS=SFO, 
then it can be easily proved that ZP is the locus of the point (p), ic., all 
particles having? the Siuiie value of c/m, whatever the value of v may be, 
are focussed on some point in ZP. To prove this we draw aline OQ 
parallel to ZP througli 0. Let OQ cat ZP at Q. Then we have 
./FOQ = cp -2ft and OF (cp - 2(9) = OZ. QO. 

Thus (7) is fulfilled.’’* P lies on the photographic plate, where it 
prodiKJes a narrow trace like tliat of a broad spectral line. The value 
of ejm coiT(‘spou<ling to any such trace can be determined by comparison 
with known reference lines. 


4L Methods of Comparison.i"—In actual practice absolute 
determination of mfe is not necessary. By using gases like O 2 , CO 2 , 
0114 , etc., m impurities witli tlie experimental gas, a number of 

refereiico lines corresponding to O’*""** (m/e =6 ), 0 ***(16), 

C'^(12). CO+(28), (14), 0 H 4 '’’(16), etc, are obtain- 

ed. Some of tliem €a.n be seen in the mass spectra reproduced in Fig. 10, 
from AstoiPs papisrs. The behaviour of these gases is previously known 
from the parabola method; so their lines can be easily identified. Then 
a calibration curve is drawn with the distance of the different lines from 
a fiducial point as a function of tlie mass. This can be used in ascertaining 
the mass-number corresponding to any new line. 

For greater accurac.y certain otlior methods have also been used by 
many workers. One of these, known ns the method of emmtdeme consists 
in obtaining two sets of mass-spe(?tra for the same substance, (1) with 
d(dinite valiuis E and I! for the electric and magnetic fields, (2) with 
diffcnvnt valiums E'J a.ml IV for tliem. Let F, F' be the potentials correspon¬ 
ding to FJand FJ. The new values F', W are so adjusted that a mass nP 
pliotographed urnhu’ tlui second condition occupies the same position as 
that due to a mass vi iiinhu' the first condition. Then simu) the electric 
and magiuitie. <lcfit‘ciions ior tile two lines have been interchanged, we 
have 


and 


pe « 


mv njVv^ 


V 


The full mathematical analysis of the theory of the apparatus has 
been given by It. H. Fowler (Phil 1922). Here we nave adopted 

an approKimate theory. 

fFor an account of the methods of measurement of mass-spectra, see 
AstoiFs hotopen (192h), Chap, Y, p. 55* 
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Thus the ratio of m to m' is known. If one of the^Jii be a stanclaTd 
line, the other can be found, 

A inodificatioa of the above method ha.s also been largely used In 
this the magnetic field is kept constant, and oiily the electric field is chang¬ 
ed from V to F' in the second exposures, as in the method of coincidence. 
If the conditions 




( 9 ) 


be satisfied, coincidence of rn' and m will occur. Thus the line C (12) under 
320 volts will occupy the same place as 0 (16) under 240 volts. If in any 
case the coincidence is not exact, the amount of difference can be easily 
determined even from a rough calibration curve. The condition that tli(3 
magnetic field should be maintained constant is a great disadvantage of 
this method. But still this is the only method applicable for masses far 
removed from reference lines in the spectrum, and with mass ratio as large 
as 3 : 1. 

A special method of great accuracy, known as the method of braekei- 
ing*, has been used by Aston for analysing the isotopes of hydrogen and 
helium. In this three exposures are taken instead of two, using potentials 
F, 2V—h and 2F+/^ respectively, where h is a small difference of 
potential. This method is specially suitable for analysing isotopes of mass 

ratio 2 : 1, for example, H 2 '^ andH’*" or H 2 ^ and He . 

It is clear that if the two lines for ni corresponding to 

2V'-h and 2V’hh will lie symmetrically on either sides of the line for 
in corresponding to F, and the two w^-lines thus form a bracket with the 
w?/'-line. The method is applicable even when the ratio is not exactly 
double, and its exact value can be determined from the calibration 
curve. 

Using very narrow slits and apparatus of suitable dimensions, Aston 
has obtained in his works on mass spectrography a resolving power dm./m 
of 1 in 130, and an accuracy of the order of 1 in 1000 in the determination 
of mass-number. 


42. Explanation of the Spectra.—A number of typical mass- 
spectra obtained by Aston has been reproduced in Fig. 10. Oxygen 
and carbon which were formerly supposed to be elements with single 
isotopes having the exact weights of 12 and 16 have now been found 


* Aston, Phil, Mag., 39, 621, 1920. 
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Tlu! tuiiiii iscit^tpcs have ahiioMt (sxuc.t iutoKi-al valuoH. So (.liesc 
ila'ir atoms and luolce.ulos, and tlusir coiuiiounds with each 
other and hydrogen art^ jfc'iuirally used as nyforeiice lines. Thus here 
we liav(> n’ot th(^ followinK reforenee Hues:—OjjHdIJ), 0'^(lt{), 
()++(H), (!+(l'j), (:(,)+(l>8), ()-^+((!), C()ii'+(44); CHl2\ (Jll+(li{), 
Clla+d.l), ('ll,+(15), (jll,+(Ui) or 0+(lB) (.see apeetnun d); 
(\,+( 2 . 1 ), (!,.ll+(:ir.), 0yil,+(2(i), C,Id,+(27), CMl 4 +( 28 ) or CO+(28), 
(’ a 116 +(2!)), t Is 1 I|j +(30) apectm I and Jl). 

(londtiK to tlie aeliial result,s of experiment, we find that Ne was the 
first (dement to show clearly isotopcH. No showed two isotoiios 
and No”. Next til was examined. The result is shown in 
spectra //, III and IV. A group of four Imes 35, 86,37, 38 occurs 
in apcsotruni HI, Of these the lines 85 and 37 arc isotopes of Cl, 
and 3(), 38 are attributed to IICI. The coircsponding second order 
linos ('/.o., for muiloi with two positive charges) 17'5 and 18T) (dne to 
01++) (Kseur in spectrum 11. The isotopes of Argon arc exhibited in 
speetra V, VI. The strong line at 40 in spectrum F/shows that it is 
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the main constituent of the element. In spectrum F, the lines 20 
(for and 13*33 (for correspond to the same constitneiit in 

second and third orders. A-very faint line 36 in spectrom VI is 
attributed to a second isotope of argon A^ 

But the corresponding second and third order lines 18 and 12 are 
absent in spectrum F, This is due to the presence of HaO (18) [uid 
C (12) as impurities in the gas. It is well-known that the gas krypton 
cannot be completely freed from argon. The neverfailing presence of 
a line 36 in the mass-spectra of Kr confirms the above conclusion. 

The result of mass analysis of hydrogen and helium is very 
interesting. The method of bracketing has been used for these two 
substances. It will he seen in spectrum FIZ ( a and e) that when 
comparing and the bracket is perfectly symmetriciiL The 
potentials used in these e:xposures were 250, 488 and 512 volts res¬ 
pectively. This proves that -within the limit of experimental error, 
the mass of H 2 is exactly double that of the hydrogen atom. 
Spectrum VII (&) and (d) show the results of comparing 1 with 
He’*". Helium, atom has a mass approximately twice that of hydrogen 
molecule. So the same three sets of voltages are used. The bracket 
is here however unmistakably asymmetrical In (/>), He'^ has been 
bracketed by the two Hs'^-lines, and it is seen that both th(KH 2 *^- 
lines in the bracket have shifted to the side of increasing mass scale, 
compared to their symmetrical positions about'the He*^-lioe. But 
in (d) where the Hg’^-line is bracketed by two HeA-lines, the 
shift of the He"^-lines is in the reversed dmection. The natun^ of * 
these asymmetries clearly indicates that the mass of the 112 -mole¬ 
cule is greater than half that of He-atom. 

It is remarkable that neither the hydrogen nor the helium atom 
gives any second order spectra (spectra due to particles having double 
charges). This behaviour of hydrogen, agrees with Bohrfs picture of 
the structure of the hydrogen atom as consisting of a single electron 
revolving round a single positive charge. Farther the absence of 
of He'*’”*’ is attributed to the fact that the energy required to remove 
two electrons from it is extremely high (nearly 80 volts). In some 
of the photographs a mass 11^'^ has been identified. It was also 
observed by J. J. Thomson in the parabola method. Recently, an 
isotope* of the li-atom has been found having a mass of 2, and a 


H. 0. TJrey, P. G. Brickwedde and G. M. Murphy, Phm, 40, 
1, 1932; 89, 164, 1932. 
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cliarge of one. Hh may be a molecule formed of the isotopes 
and 1:L 

The last spectrnm VTU in (Fig. 10) is for krypton. A cliarac- 
teristic group of live isotopes 80, 82, 82, 83, 84, 86 is clearly seen 
in the photograpli. A faint line at 78 is-also visible. The group of 
five lines in the second order Kr*^"*" has been reproduced in the left 
of tlie same spectrum. 

The method of mass spectrograph has also been applied by 
Astoni' to the study of the isotopes of the alkali metals Na and K. 
Tlie device for tlie |)roduction of ions ordinarily employed in such 
experiments was however found unsuitable in. the cases of Na and K 
on a,(‘-count of the ambiguity due to multiply charged ions which are 
v<‘ry oftcm present in this method. So a Gehrcke and Reichenheim 
liot anode discharge tube was fitted to the mass spectrograph. .Na 
sliowed the most imambiguous result, namely that it was a simple 
element of mass 23, and K was found to be composed of two isotopes 
of masscis 39 and 41. 

Besides the substances discussed, a number of other substances 
has also been subjected to mass analysis. The results in brief are 
shown in table 1, §44. For a full 
account of these analyses, Aston^s 
rhoiopes^ (1923), pp. 71 to 89, 
also later publications must bo 
consulted. 


43. Dempster^s Method.—A 

focussing method for the de- 
t(‘rmination of r/ni, alternative 
to Aston^s mass spectrograph, 
has be(‘n dcv(4()p(‘d by Dempster’’* 
and used with great success 
in several lines of investigation. 

Th(‘ apparatus emi)loycid is shown 
in Fig. 11. 'Fhe source of ion in 
this ('xp<Timent is usually a 
volatihj salt of the metal, or the 
medal itself wluui it can be easily evaporated. 



*** Aston, PUL Mag,^ 42, 486, 1921. 
t Dempster, Phys. 11, 316, 1918. 
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A ... is a hollow anode coated with the given salt. It is then 
electrically heated. 

C ... is a platinum cathode, the electrons from which bombard the 
anode A. 

Si, S 2 are two slits. 

F ... is a Faraday cylinder. 

E ... is an electrometer. 

I ... is the inlet for the substance, if it is a g’aa 

Charged particles are emitted from the heated anode bombarded by the 
electrons from the cathode, and they diffuse out through D with a slow 
velocity. A potential of the order of 80D to lOOO volts is applied between 
D and Si. So the particles come out through Si as a narrow diverging 
beam. The particles are then subjected to a suitable magnetic field applied 
at right angles to the plane of the paper. Those with the same velocity 
and e/m are bent into a semicircular path and are finally brought to a 
focus on 82 - The charge is collected by the Faraday cyliiukn* !F which 
is connected to the electroscope E. If the substance be a gas, it is 
directly introduced at I, and bombarded by electrons from the platinum 
cathode C, 

The great advantage of the method is that particles which 
emerge at Si making slight angles with the normal to Si, come to a 
point focus at *82 after having approximately described semicircles. 
This is due to the fact that the particles possess identical velocity 
and mass. If F = apiplied potential, II == the magnetic field, 2p^ 
diameter of the semicircle. 

Hep = 

and = 

s 

therefore, -y* = 

me 

By altering the accelerating voltage, particles having different values 
of e/m can be brought to focus at 82 , and their ejm determined by 
equation ( 10 ). 

The method of analysis used by Dempster is both simple and 
accurate. The magnetic field is kept constant. By suitable changes 
in the electric field, particles of different masses are brotight to a 
focus at 82 and the ionic charges indicated by the deflections of the 
electrometer are noted. Usually when the focussing is not obtained, 
the ionic current is very small, hut for certain voltages corresponding 


mvc 

Ve 

2r 


. ( 10 ) 
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to niaximrun coriceiitratioii of ions the* current suddenly rises to 
maxiniuin, Tims for Mg three distinct maxima were observed 
at 953, 914 arid 879 volts. 

According to (10) the masses 
of the ions are inversely ^ 
proportional to the applied 

cP 

voltages. As in every ease § 
a iiiaximum due to Ng"*" ^ 

{m—28) was present at 817 | 
volts, the masses correspond- 
ing to other voltages could g 
be obtained by c()m|)ariBon. 

The masses were ijlotted 
against ionic (Uirreilts. Ihc DernpateCH Maws (inalyslH for Mg. 

curve obtained is shown in 

Fig. 12 taken from DeinpsteFs original paper. Thus Mg shows three 
isotopes of masses 24, 25 and 2C corresponding to the throe maxima 
A, B, C. The maxinmm D at m«=»2S corresponds to The 

height of the ordinates at eacli point shows the relative number of 
the isotopes present in tlic atom. 

Besides Mg, this method was also applied by Dempster’’* to Ca, 
Zn and K. He discovered the isotopes 40, 44 of Ca; 64, 66 and 
68, 70 of Zn, and confirmed the isotopes of Li and K found by 
other observers. 

More recently Dcmpsterls method has been employed by Bain- 
bridgef to a very critical analysis of the isotopes of Na, K and Li, 
and he has confirmed in general the previous results of Aston, 
Thomson and Dempster. He has determined also exact masses of 
some of the isotopes of Be and Ne and his results are regarded as of 
high degree of accuracy. 

44, Discussion of Results. —The results ot mass analynis of 
elements so far investigated are given in table 1 at the end of this 
chapter. The isotopes of each element have been given in their 
decreasing order of abundance where otherwise not mentioned. In 
other cases the relative abundances have generally been calculated 
from ”(116 intensity measurement of the mass-spectra of elements 

* Bempster, Pmo. Nat Aead. Soi.^ 7, 45, 1921. 
i* K. r. Bainbridge, Jour, Frmh h$t, 212, 317, 1931, 
f.U ' 
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by Aston and others. Column 4 of the table gives the exact atomic 
weights of the isotopes, and colnmn 5 those of the nuclei. The 
latter values are obtained by subtracting the masses of Z electrons 
from the atomic weights in column 4. 

A few isotopes given in the table have been recently reported 
from the study of'the isotope-effect of band spectra, (see Cha|). XX ). 
These are Be^ C'^ and 

others to be found in the table. Their relative proportion compared 
to the main isotopes is however extremely small. Thus occurs 
in the proportion of 1 in 630 and in proportion of 1 in more than 
3000. From a scrutiny of the number and weights of tlie isotopes 
of different elements* in the table, the following conclusions have been 
arrived at:— 

(1) The atomic weights of isotopes are all very neaidy integers. 

(2) Elements of even atomic number have generally more 
numerous isotope.s than those of odd atomic number. Elements of 
odd atomic number have not yet been found to possess more tlum 
two isotopes however chlorine which ivS an exception)* 

(3) Isotopes'having even mass number occur more frequently 
than those of odd mass number; further, those having their mass 
number divisible by 4 are more frequent than those with mass 
number not divisible by 4. 

KJS .—It is supposed that the mass of an isotope is wholly due 
•to the protons it contains, and the mass of a proton is taken to be 
iiuity. On this basis the mass of an isotope is numerically equal to 
the number of protons ij. contains. This number is known as the 
mass number and is denoted by A. On the other hand the atomic 
number Z of an element is equal to the units of effective positive charge 
of its nucleus. So if ^,=mass number of an isotope, Z’^^its atomic 
number, it must contain N=A—Z number of electrons in the 
nucleus. Thus for LF, A=7, so that iV==4, while for li'*, 

therefore A’'~3. These simple ideas are based on the assump¬ 
tions that the electrons and protons exist iu the nucleus in free states. 
There are however grave doubts regarding the validity of this 
assumption. In fact it is now fairly certain that there are no free 
electrons in the nucleus. This question will be discussed later in 
the chapter or'N uclear Physics, 

* Jlognes and Kvalnes^ Nature^ 122, 441, 1928, 
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Isotopes containing even number of electrons (N) in the 
nucleus occiu’ more frequently than those containing odd number of 
electrons. ^ 

(4) Mass number of an isotope is always either equal to or 

g\reater than twice its atoruic (d ^ 32j),m that the number 

of free electrons in tlie nucleus is either equal to or greater than, the 
atomic number (N S Z). It follows also then that jL -S 2N, ix., the 
number of pro toils call never exceed twice the nimilxT of electrons. 

(5) The number of isotopes for any single element is not very 
large, and their mass-miniber vary within narrow limits. 

The full significance of all these conclusions ‘have not been 
completely understood, but some of them are clear. Thus the whole 
numher rule of the weights of isotopes seems to indicate that the 
atomic nuclei of all elements are built up of the elementtiry consti¬ 
tuents protons and electrons. Further, the rule of divisibility of 
mass numher by 4 indicates that in most nuclei the protons may 
have a tendency to occur in groups of 4. We shall discuss the 
question further in the chapter on Nuclear Stniefure. 

44a.—The Diacovery of the Positive Electron (Positron).— 

It is likely that the reader of this book has heard of Cosmic 
rays which are a kind of penetrating radiation of ultraterrestrial 
source coming in equal intensity from all pai’ts of the sky and 
possess the remarkable property of discharging clectroscopeB even 
when these are protected by thick lead-shields (vide for details chaptcu* 
on Nndmr Physics), The question whether this radiation consists 
of corpuscles or photons, has been the subject of miieh investi¬ 
gation in the past couple of years. While light is being thrown 
on this fundamentel problem only recently (they are now almost 
proved to^ be super-gamma-i^ays), these researches have led quite 
unexpectedly to another discovery of foimdamental importance, fw., 
to the discovery of a particle positively charged and possessing 
a charge and mass —which so far as can be judged from the present 
preliminary investigations are equal to that of the ckctro7K This new 
,paxticleis styled the pos^itron^^ 

At the California Institute of Technology C. D. Anderson,*** 
while using a vertical Wilson cloud chamber (of 15 oms. diameter), 
which is traversed by a horizontal magnetic field of about 15000 

***0. D.-Anderson, Semme^ 70, 238,1032 1 Ptms, Em,,, 48, 491, 19S8; 44, 
406,1933. 
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gauss, to observe the tracks of particles associated with cosmic 
rays,* found (August, 1932) that some of the tracks had a ciiryatiire 
(due to the maguetic field) of such a sign that assuming the particles 
to be moving downwards—as presumably the particles liberated 
by the cosmic rays actually do—the charge on the particle must be 
positive. Yet the ionisation along the track was much smaller than 
that to be expected for a proton of the same velocity and con^espond- 
ed to that of a particle of much smaller mass. It was improbable 
that it could be a proton, but might it not be an electron moving 
upwards which in the magnetic field would have the same curvature 
as a positive particle moving downwards? A plate of lead 6 mm. thick 
was placed in the middle of the chamber so that the cor|)uscles 
had to pass through this plate. The particle loses energy in passing 
through the plate, and thus its track would show different curvatures 
on the opposite sides of the plate—the direction of motion of the 
particle being obviously from the side of lesser curvature to that 
of the greater. In this way Anderson found the direction of motion 
of the particles and showed that there existed particles of positive 
charge having a much smaller mass than the protons. He fixed an 
upper limit for the proper mass of the positron to be about 20 times 
that of the electron. 

A repetition of these experiments by Blackett and Occhialinit 
at Cambridge has fully confirmed this discovery, the magnetic field 
in their experiments was much inferior to Andcrson^s (2000 to 3000 
gauss), but they imiDroved on his method in one impoiiiant respect. 
By placing two Geiger counters—one above and the other below the 
chamber—they so arranged that the track of any particle which fired 
both the counters was automatically photographed. Tery recently 
a deftection of the positrons in electro-static field has also been 
reported. A Wilson chamber photograph of the positron-track 
obtained by Blackett and Ochialini is reproduced in Plate I, Fig. 13. 
The velocity of the positron is very nearly equal to that of light, and 
hence in accordance with the Lorentz-Einstein formula, the mass 
is enormously increased in motion. There is no reason to believe 
that the rest-mass of the positron is different from that of the 
electron. 

’‘^This method of taking Wilson photographs of cosmic ray tracks in a 
magnetic field was initiated by Skobelzyn (2s. f, Phys, 43, 354, 1927 ; 64, 
686, 1929) who was the first to observe electron's of enormous energy 
released by cosmic rays, 

f Blackett and Occhialini, Proc. Roy. Soo. -4,139, 699,1933. 
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Almost simultaneously with the work of Blackett and Occliialiiii, 
Meitner*’* showed that iiositrons can be produced by the bombard¬ 
ment of tlie nucleus by neutrons, and Anderson f and Ciirie-Joliot t 
showed that they are produced by bombardment of the uncle us by 
|)enetrating gamma-rays from ThC'^ In such cases, the electron and 
tile positron arc produced in pairs. It is suggested tliat the ganinm- 
rays s|)lit iq) under the action of the nucleus into two fiindamental 
electric particles of opposite signs. 

It may be mentioned that the existence of the positron was 
predicted* in 1931 by Dirac§ from speculations based on his 
relativistic theory of tlic electron. The discoyery of the positron thus 
lends a great weight to the importance to physics of his rather abstruse 
and abstract ideas, l^^or details reference must be made to his 
original papers. 

Books Eecomoiended, 

J. J. Thomson, Bays of Fositm Electrictiy (191B), Longmans Green. 

FosUive Rays of MeMrwit% 2nd Ed. (1921). 

W. Wien, Handlmek der Radiologu. Bd. 4, Leipzig, (1917). 

IJandbtieh der Physik, Bd. XXIL 

Aston, Isotopes {Vm\ (1931). 


L. Mtnfcner and Philipp, Nakmmss,^ 21, 286, 19BH. 
f Anderson mid Xoddenneyer, P?iys. 43, 1(B4, 1938. 
t I. Ourie ainl P. doliot, JourfL Pm/s. RMium.A, 404, 1983. 

§ Dirac,/Vor* bVia , • 

Sec ailso Fermi’s ardclo. Quantum Tkeorji of hi Revm 

Modern Physics^ Vol, 4, § 16. 
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Tabh 1. raotopes of Elenienk-. 






Mean Atomic Wt. 
(Scale 0=16-000) 



Element 

Mass Numbei 

Weight 

of 

Atom*'* 
(Oi 6 = 16) 

Weight 

of 

Nucleus t 

Relative 

Abun- 

daiicej 

Reference 

H 

(Deuton) 

1 

21 

1- 00778 

2- 01363 

1- 00724 

2- 01309 

1-0078 

4600 Id 

fwl 

1 Urey, Brick 
wedder a n d 
Murphy, Phys. 
Kev,, 89, 164, 
1932. 

He 

4 

4 00216 

4-00108 

4-002 


la Bainbridge, 
Fh%/s, /fev., 44, 
57,‘1933. 







Costa, Ann. 
d. Fh'ijs\ 4, 426, 

1925.* 

Li 

01b 

71 b,le 

6012 

7-012 

6- 0104 

7- 0104 

6-940 

6 

94 

Cockcroft 
and Walton, 
Froe. Roy, Sac. 
A, 187; 229, 
1932. 

3e 

82 

9 

9-01552'^ 

9-01334 

9-02 

2000 J 

Bleakneyand 
Goukl, F%ys. 
Bev,, 44, 265, 
193B. 

2 Watson and 
Parker, Phys, 
Bev., 37, 167, 
1931. 

B 

10 

11 

10- 0136 

11- 0110 

10-0108 

11-0083 

10-826 

22 

78 

Bainbridge, 
Bhys\Bev., 48, 
367, 1933. 


* Taken from Smekal, Qmnientheone, Kap. 6, Mott’s article, Wellen- 
meehamk und Aemphysik, p. 794. 

t On the basis of mass of the electron m = '00064. 

313, ^23, 
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s 




JDi 

S 

Element 

XJ 

Weight of 

Weight 

|7 

■So 

Eelafcive 



1 

Atom 

of 


Abun- 

Eefereiice 

.s 


!2; 

(0,6=16) 

Nucleus 

1 "S 

dance 


s 


CO 







-tl 









6 

c 

12 

12'0036 

12-00036 


400 j 

3 a 

3 King and 
Birge, Natun^, 



133 

( 13‘()C)393 

1B*()0066 

12-000 

I 


124, i82, 1929. 



113*00453 b 

13'00126 


1 1 



N 







King and 

7 

14 

14'008 

14*0042 

14-008 

346 1 


Birge, Antr. Jr., 
72,19, 1930. 




15'» 

ir)'007'i>> 

15-0032 


1 J 










Ohadwiek, 

8 

0 

16 

16-000 

16-99568 


630 ' 

1 6a 

Constable and 

• 


175 

17*0029^1» 

16-99868 

16-000 

<-189 


Pollard, ProG. 



185 

18-006rA'> 

18-00218 


1 

1 

Roy. Soo. A, 
130, 463,1931. 

9 

F 

Ne 

19 

19-0000 

18-99514 

19-00 



^ JN. N aud(% 
Pkys, Rev.y 36, 

1.0 

20 

19-99676 

19-9913 


937 


331^, 1930. 



21 



20-183 

1 




22 

21-99476“ 

21-9893 


9-75 





(23)5 




No2l> 

1 

Birge, Pht/s, 






N623«= 

R&% 37, 841, 







12000:16 

1931. 

11 

Na 

Mg 

23 



22-997 



^ Giaque ai;id 
Johnston, Mar 
ture^ 122, 318, 

12 

24 






1929 ; 123, 831, 



26 



24-32 



1929. 



26 






6ft Same bb 5,. 

13 

A1 

27 



-26-97 



6 .Kail m a ii n, 









atul LawarcdF, 
Zs.fPhy.s^BO, 

14 

Si 

28 

27-9818 

27-97424 




237, 193:{. 



29 



28-06 





30 






®ft Bainbridge, 
Phys, Eev,^ 43. 

16 

P 

31 

30-9825 

30-9744 

31-02 



423, 1933. 
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Atomic Number 

--—---i 

Element 

s 

s 

il 

m 

m 

a 

is 

1*^ 

Weight 
of Atom 
(O 16 -I 6 ) 

Weight 

of 

Nucleus 

Mean Atomic 
Weight (0=16) 

Relative 

Abundance 

Reference 

16 

s 

32 








33 



32*06 





34 






17 

Cl 

35 

34-983 

34*9738 


6000) 

7 Hc'Uemer and 



37 

36-980 

36-9708 

35*457 

1850^ 

Bohnie, Natur- 



*397 




1 ) 

/m.s'.,19,252,19;n. 



(40)« 




OP*': 

0 0 Th<. round 







= 1:10“" 

brackefc (lenotes 








iiiKserfcain value. 

18 

A 

40 

39-971 

39-9612 

39-94 





36 

35*976 

35-9662 




19 

K 

39 



39-10 

94-8 




41* 




5-2 

Thti radio- 








active nuclei are 








marktMl w i t li 

20 

Ca 

40 





asterisk. 



44 



40-07 



21 

Sc 

45 



45-10 



22 

Ti 

48 



47-90 





49 






23 

V 

61 



50-96 



24 

Cr 

50 




4-9 




62 

51-948 

51-935 

62-01 

81-6 




53 




10-4 




54 




3-1 


25 

Mn 

55 



64-93 



26 

Fe 

56 



55*84 





54 






27 

Co 

59 



68-94 
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Element 


28 


Ni 


29 C!u 

30 Zn 


31 Ga 

32 Go 


33 Ah 

34 He 


35 


Hr 


F. 14 


TaMe 1. — (Cmtd.) 


Mass Number 

Weiglit of 
Atom 

(0,a = 16) 

Weight; 

of 

Nucleus 

Mean Atomic ! 
Weight (0=16) 1 

Relative 

Abun¬ 

dance 

Reference 

58 

57*942 

57*927 

58G9 



60 





1 

CB 



63*57 



65 






04 

63-937 

68-920B 

6538 

48-0 


65 




2-5 


66 




25-9 


67 




5-3 


68 




17*1 


69 




0-85 


70 




0-38 


69 



69-72 



71 






74 






72 






70 






( o 

75 

74-934 

74-9108 

72-60 



76 






71 






77 






75 



74-96 



74 



79-2 

1 -8. « 

Aston, /Voc. 

7C5 




20 \ 

Ihy. Sor, A, 

77 




17-4 1 

182, 487, 1931, 

7H 

77-937 

77-9186 


50-1 / 

In this iniper 


: 79-941 

79-9226 


100 

Aston gives 

H2 




19-5/ 

tilso tlu^ iso¬ 






tones and their 






relntivt^ ahun- 

79 

78-929 

78-91 


6018 

dfitHH^ for Os, 




79*916 


Ru,Tl,Ge,Rc^, 

SI 

80-926 

80-9! 


50i 

OR 
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-Q 





O CD 

’r1 ^ 



B 

s 


53 

p£5 

Weight of 

Weight 

1 " 

Relative 


JZj 

Element 


Atom 

of 


Abiin- 

Reference 

o 

’I 


;2i 

CQ 

(0,6=161 

I^ucleus. 


dance 


-S 


3 






36 

Zr 

78 

77-926 

77-9065 


0*4 

« 



80 

79-926 

79-9065 


2-5 




82 

81-927 

81*9075 

82*9 

11*8 




83 

82-927 

82-9075 


11*8 




84 

83-928 

83-9085 


56*8 




86 

85-929 

85*9095 


16-7 


37 

Rb 

85 




B19 

^ Aston, Froo. 






85-44 


Roy. Soo. A, 



87* 




v 

134, 571, 1932. 








This paper also 

38 

Sr 

86 




12 '! 9 

contains data 



87^ 



87-63 

8f 

for Li, C.«, Sc. 



88 




100 j 









Radioactive lui- 

39 

Y 

89 



88*92 


elei are marked 








>vitli asterisk. 

40 

Zr 

90 








94 








92 



91*22 





96 






42 

Mo 

92 




14-2 




94 




10-2 




95 




15*5 




96 



96*0 

17*8 




97 




9-6 




98 

97-945 

97-9223 


2 B'0 




100 

99'945 

99-9223 


9*8 


47 

Ag 

107 








109 



107*880 



48 

Cd 

114 








112 








110 



112-4] 

See 




113 

111 




below’t 




116 






49 

In 

f nnii 

115 


■ 

114*76 




■ * of even isotopes (taken together) to the odd 

isotopes IS 7 ‘ to ifiOt 
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Table l.—(Oontd.) 


Atomic Number ! 

Elemen t, 

Mass Number 

i 

Weight 

of 

Atom 
(Oi6 = 16) 

Weight 

of 

N ucleui^ 

S' 

2 rH 

S 

BO 
<1 XT' 

xi 

c.Sf 

lAe: 

Rebitivi^ 

Abund-, 

anee 

Reference 

50 

Sii 

112 

114 

115 

116 

117 

118 

119 

120 

121 

122 ■■ 
124 

119'fll2 

119-885 

L18-70 

1-07 

0-74 

0-44 

14-19 

9-81 

21-48 

11-02 

27-04 

296 

5- 03 

6- 19 


61 

Sb 

1,21 

123 



121-77 

100 

78-5 / 


62 

re 

128 

ISO 

126 

127-936 

125-937 

127-908 

126-909 

127-5 



53 

I 

127 

126-932 

126-903 

126-932 

to 

126-92 



54 

Xe 

124 

126 

128 

129 

IBO 

131 

132 

134 

136 

. 133-929 

133-8998 

1130-2 

1 

01 

0-1 

2-3 

27-1 

4-2 

20-7 

26-4 

10-3 

8-8 


65 

€8 

133 

132-933 

132-9033 

132-81 



56 

Ba 

135V 

1361 

1371 

issj 

137-916 

137-8857 

137-36 

8/ 

12 

i5r 

100 j 


57 

JLa 

139 



138-90 

to 

138-92 





till 


108 


>j3 


s 



Element 

Atomk 


68 

Ce 1 

59 

Pr 

60 

Nd 

74 

W 

80 

Hg 


81 


82 


T1 


Pb 


83 


Bi 


POSITIVE bays 
Table 1. — (Contd.) 


S 

.A 


!zi 


140 
142 

141 

142 
144 
146 

(145) 

182 'i 

183/ 
184 f 
1861 

196 

198 

199 

200 
201 
202 

204 

203 

205 
207* 
208* 
210 * 

203 \ 

204 

205 

206 

207 

208 
(209) 
210*/ 
211 * 
212 * 
214* 

209 

210 * 

211 * 

212 * 

214* 


Weight 

of 

Atom 
(Oi6 = 16) 


Weight 

of 

Nucleus 


i 11 

li 


184-00 


200-016 


203-036 

205037 


183-96 


199-973 


-202-982 

204-983 


140-13 

140-92 

144-27 


183-96 


Relative 

Abun¬ 

dance 


200-61 


204-30 


10 


208-010 


207-96571 


207-22 


209-00 


74-8 1 
57-1 
100 
99 j 

01 

9-9 

16-4 

23-8 

13-7 

29 3 
6-8 

30 
70 


0-04\ 
1-50 
0-03 
27-76 
20-20 
49-55 
0-85 
0-08/ 


Reference 


The radioactive 
nuclei are mark¬ 
ed with asterisk. 


“ Aston, Proc. 
Roy. Soo. A, 
140, 535, 1933. 





CHAPTER IV 


ELEMENTARY RADIOACTIVITY 
SECTION I 

45. Discovery and Nature of the Phenomenon.— The 

story of the discovery of the phenomenon known as Radioactivity 
forms one of die most interesting scientific romances of the nineteenth 
century. The discovery of X-rays by Rontgen in 1895, and the un¬ 
expected properties possessed by them created the most intense 
interest throughout the scientific world. It led to an exhaustive 
investigation of various substances with the* expectation of finding 
out some which under ordinary circumstances, might emit radiations 
similar to X-rays. Since the production of phosphorescence is one 
of die most characteristic properties of X-rays, substances which are 
phosphorescent under ordinary conditions were attempted first. But 
most of these experiments gave negative results. A chance observation 
was however made by Prof. H. Becquerel of Paris (1896) who placed 
a phosphorescent uranium compound on a photographic plate wrapped 
in black paper. It was found on development that a faint image of 
di(! solid was produced on the plate. At first Becquerel was inclined 
to connect this phenomenon with phosphorescence, but further ex¬ 
periments brought to light the unexpected result that phosphorescence 
had no ronnedioH whatsoever with tine phemmnon, and as a matter 
of fact ail e,oun>ounds of uranium (whether phosphorescent or not) 
produced the same effect to a degree depending upon die thickness 
of die layer e,mployed anti the proportion of uranium present in the 
compound. C'onducting experiments under different conditions, 
it was ffiuiul that the effect could not be influenced by varying .the 
temperature or the state of aggregation (solid, solution or crystal) of 
the substance tsrnitting these radiations or the presence or absence 
of other radiations in the surroundings, or any chemical or physical 
changes of the most drastic nature. These considerations led clearly 
to the iioncluHiou that these radiations could not be regarded as due 
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to sometMng like emission of energy wliich had been conserved in 
the substance in conseqxience of its exposure to a source of light, but 
they were undoubtedly associated with some specific property of the 
substance Uranium, 

46, Some Properties of the Radiations. —In addition to 
these properties of the radiations, it was observed by Becquerel, and 
hiter on by Mme Curie that the emission of radiation from Uraniuni 
was persistent, did not undergo any change in intensity or nature with 
the lapse of time. Attempts were then directed to observe reflection, 
refraction and polarisation of these radiations, but the results were 
inconclusive. But they discovered that like X-rays, these radiations 
possessed the important property of ionising a gas, when they 
were allowed to pass through air which is ordinarily nonconducting, 
tliey rendered it conducting. Thus when a chai'ged electroscope is 
brought near a gas subjected to the action of radioactive radiations, 
' it rapidly loses its charge. • The effect is illustrated by the experiment 
described in (I, §3). These experiments can be made quantitative and 
tlie apparatus can be utilised to find out the quantity of radioactive 
matter in a mineral. In the hands of the Curies, this method led to 
the discovery of the wonderful element Eadium. 

47* Discovery of Radium.— So far the nature of the radia¬ 
tions from U was quite unknown. For a long time, they were known 
as Becquerel rays. The next step was to find out whether these 
radiations were confined to U or were possessed by otlier substances. 
Of the 80 elements known till then, it was found by G. C. 
Schmidt, and M. Giirie in 1898, that the • next heaviest element 
thorium emitted radiations similar to those of U. The ordinary 
elements potassium (Campbell, 1907) and rubidium were also found 
to be feebly radioactive. But the most intense interest was 
created by the discovery of Radium, which was the culmination of an 
extensive series of systematic researches earned out by P. and Mme 
Carie. They began these researches with the object of finding out 
‘ tvhother all Uranium-bearing minerals emitted Becquerel rays in 
proportion to their Uranium-content. They estimated the radioactive 
property by measuring the ionisation with an electroscope as described 
before (I, § 4). They found that while in most minerals the intensity 
of Becquerel rays was proportional to their U-content, a particular 
sample known as Pitch-Blende from a mine at a place called 
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Joackinistlial in Czeckoslovakia showed four times more activity in 
proportion to its U-contoiit than ordinary iiraiiiiiiu. Tliey tlioiight tlmt 
the increased activity was due to'the preseacc of an unknown element 
in tlie mineral, possessing niore intense radioactive pr()[)(^rties than IJ, 
in minvite proportions* O iiided by this conviction, they set to tlieni- 
selves the task of isolating this iiiatter. The principle used 

was very simple, thoiigli the struggle was epic. Tliey sta.rte.d witli 30 
tons of the mineral, and went on stiparating the eonstitnents by 
apiilying the methods of group separation used in cheiuisti*y. After a 
seiiaratioii was elfected, the two i)arts were tested separately for 
radioaetivity. Generally one part was found to be inert, the other 
active. The active part was taken and again subjected to group 
analysis, Proceeding in this way, they found that most of the 
activity was clue to a, residue which was separated with barium. .As 
barium itself was not active, they were led to the conedusion that 
the activity was due to a higher homologne of the group coiniirising 
Ca, Sr and Ba. The residue was converted into a chloride, and the 
active substance was seiiarated from barium by fractional crystallisar 
tion. To this unknown element, they gave tlie nairie of Eadiimu 
Only 2 milligrams of rjidium were extracted from 30 tons of 
pitchblende. 

But tliongh the (iua,ntity was extremely small, it was found to 
account for almost the whole of tlui activity possessed by the original 
pitclil)l(m(l(‘. Iliiis weight for wc^iglit riiclium was found to Ixi nearly 
million times nioro a(*tivc than uranium, 1 mg of radium prodiu'cd 
as iniKsh ionisation as about mg of IJ, 

Lal(>r r(‘,.S(‘a,rt‘heH proved that radium hud an atomic weight of 
and lUhnl a vacant place (No. 88) in tlm Pcuiodie 'Table. As 
noted a,Ir<auly, it is divalent, and belongs to the, group Hr, Ba. 

Th<‘ (liseovasy of radium is a landmark in th(‘ history of H<'ieii(‘,e. 
It placed lor the first (inuMn the hiviuls ()f inv(^stigat(>rs a snl)stauee 
with tin* aid of whicli tlu* study of this iuter(‘stiug phenomenon could 
b(‘ earricul mmdi rurther, 

48* Oth'Cr Radioactive Bodies*— PoHowing the disi'.ovcvry 
of radium from pitchlihmde, this mineral was Hul)je(d.(d to more, 
erith'ul (*xaminutiou for detecting the prcHemu' of any oth{*r aetiv(^ 
Hul)Htmme whi<di may |)OHsil)ly be present in it Thc^ idea was 
immeiiHcdy fruitful, us it hul to the disemvery of scweral ra,dioactivo 
I)odi<‘s swvh as, m^tinimu, pidonimn, ionium ami radioload. 
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Actmimn was obtained by Debieme in 1899, precipitated with 
elements of iron group from U-residiies. Later on (1900), the same 
substance was discovered by Griesel from pitchblende and separated 
with the rare-earth element lanthanum. It was found that actinium 
emits a radioactive emanation whose activity dies out in a few seconds 
from its separation. Hahn and Soddy discovered independently in 
1917 that actinium is always associated with another active substance 
ProtoacUmuw,f which is believed to be the parent of Ac. 

Polonium was first separated by Mine Curie in 1898 from IT 
minerals and named after her mother country Poland. It was found 
to possess the striking property that its activity is not permanent like 
that of Uranium, Radium or Thorium, but the substance decayed in 
activity in a few months. The radiations emitted by this substance 
was seen to produce very intense ionisation, but the ionisation ceased 
beyond a few millimeters from the source. Polonium is however 
many times more active than Radium. 

Besides these elements, a large number of other radioactive 
substances including an isotope of lead (radio-lead) and some gases 
(radium emanations) were discovered. They were however not very 
permanent in activity. It is well-known that they originate from the 
disintegration of one or other of the active substances already men¬ 
tioned. Even the elements U, Ea and Po are perhaps genetically re¬ 
lated to each other. We shall return to these in §§60, 61 of this chapter. 

49. On the Physical Nature of Radiations from the 
Radioactive Bodies. —^The discovery of radimn placed in the hands 
of investigators a very powerful and convenient material for the 
further study of the Becquerel rays. It was shown by Le Bon and 
Rutherford that the radiations are complex in nature, and consist of 
three diiferent types, to which the names cx, p, and Y-rays were'given. 

(1) The a-rays : The a-rays are very easily stopped hy obstacles; 
even of Al-screen is sufficient to cut off the a-rays. This is 

shown by an abrupt fall of the ionising powers of the radiations^—in 
fact the ionisation is reduced to one hundredth part of its value. This 
shows 'that‘a-rays are mainly responsible for the ionisation of the 
gas. Later researches (see §§ 68, 69) showed that a-rays are positively 
charged particles, having its mass equal to four times the mass of a 
hydrogen atom, and its charge equal to twice the charge on the 
electron. It is in fact identical with the helium atom which lias lost 
two electrons, The velocity with which the a-particles are emitted 
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is found io vary from 1*4X10^ to 1‘7X10^ ciii. per S(K3,, 

upon ih(‘ sonro.e, but ilie velocity of a-ruys omitted in a particular 

disini,c?jcr:ition luis al\va,y.s tlie saivK^ value. 

(*1) 'rh(‘ (:brayH : Kv<‘ii after tlu‘a-particles are cut oil, it is 

IbuiHl i.liat. llu‘ residual raciiatiou posH(‘SHc^s a sriiall i()iiisiiiiL>; p()\ver. 
This is due to tli(^ p-partiides, dliese i)iirticleB wer(^ foiiiKl to be 
i(l(‘uticjil witli (d(‘(‘ti-onB, but i)osHessii)j 2 : eiiorinous v(‘Ioe;iti<5S wliicli 
soni(4iiu{\s may Ix^ as liijxli as‘9B e. Tlui p-mys aiXMmuiplelc^^ 
oil by ou(,i cm. of Aluiaiiiium. 

(3) The Y“f' 2 iys: l]veu aft('r the P-rjiyH a,re cut off^ th(';re are 
rays wlii(‘li ea,us(^ some ionisatiou, aboiit ;j (>(U ft of tl»e' ori^'inal 
aiiioviut. Souietiaies oven very tliick slieets of matter do not coiu- 
plctely st()]> them. I'hey arcj iiained y-rays, and have ixurn found to 
he not corpuscular at all, but elcHdroriuigTietic in iuitur(‘. like light 
and X-rays, In fact they are only a peiHvtrating form of X-rays. 

The proper (dioice of the thiclcuess of the absorb lug jucdiuui, 
tliercrfore, givers iis a ineans of isolating one particular kind of radia¬ 
tion to the oxcliisioii of otliers. 


dlie fuiidameutal drfterencc in the nature of the three types of 
rays is clearly exhibited by tlufir dellections in the raagnetit*. h(dd. 

Suppose a cpiantity of radium is |)lnced inside a thickwaJled lead 
oylimhn’ with a narrow opening wliicli aJlows the radiations to pass 


iipwards in a straight line. On 
applying a strong magnetic iield 
at rigli-t angles totlu', plane of the 
pap(‘r, th(^ a-rays ar(‘, sliglitly 
dellect<id to one sid(^, the [i-rays 
suirermueh gr(‘.a;t(r d(dlectic)n in 
the opiiosite side!, and the Y-rays 
pass uud(‘viat(‘d (h''ig. 1). From 
thc! dinu'.tion of the magnetic 
lield and delleet.ion of the rays, 
tluiuature, of tlu^ charges carried 
by (X and [3 i‘ays can b() determined. 



so. Characteristic Properties of ot, p, y-rays«—The three 

kinds of radiations emitted From a radioactive Buhstaiujo liav<i sonui (diar- 
acteristic propordes common to them. Thus they all ionise tlie gas by which 
they are surroinuh^d, they can pcmefcmte 'different thicknesses of matter, 
they prodiiee photographic action and show many physical, cheiniad and 
y. 15 
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physiological actions. As instances of the latter properties, it may l)e cited 
that a-rays very rapidly decompose water; an ordinary piece of soda glass, 
if exposed for a long time to the radiations from a radioactive substanca?, is 
coloured deep violet, and by continued exposure is almost bla<‘.kmu‘d. The 
property of producing ionisation is mainly responsible for Iht^sci pliysical 
and chemical changes. If animal bodies are exposed to these ra,diations, 
they produce irritation and burns, and sometimes pninful sores difficult to 
heal are produced as in the case of X-rays. This is mainly due to the 
penetrating power of these rays. The photographic action of the (3 and 
Y-rays is very pronounced. The a-rays are comparatively inactive in 
producing photographic effect on ordinary plates. 

Another conspicuous property of these radiations is their heating 
effect. It was first pointed out by Curie and Laborde in 1903 that a 
quantity of radium always maintains itself at a higher temperature 
than the surrounding air. It has been estimated that one gm. of 
radium produces about 87X10^ calories of heat in a year. 

One important property possessed by a and P rays is that when 
they are allowed to fall upon zinc sulphide or barium-platino-cyanide 
screens, they produce limiinous spots of short durations upon, them. 
On observing the .surface of the screen by means of a magnifying 
glass, a larger number of scintillations distributed all over the surfaces 
are seen. This property was used by Wm. Crookes in an instrument 
called the-Spinthariscope^^ for making the a-particles visible. It 
consists of a small speck of Ra placed before a zinc sulphide screen 
which is carried at one end of a short tube, the other end of which 
carries a magnifying glass. On viewing through the glass in a dark 
room against a dark background,'the screen is found to be full of bright 
specks of light, which are constantly flashing o\it and disappearing. 

The ZnS screen is specially sensitive to a-rays, and tlie bjirimn- 
platinocyanide screen to P-rays. 

51, Simple Measuring Instruments in Radioactivity.— 

The property of the radioactive radiations which is commonly made 
use of in studying the strength and activity of active matters is 
their power of ionisation. Evidently the simplest instrument that 
can be designed on this principle is a pair of insulated plates, between 
which sufficient difterence of potential is maintained by a battery; 
a galvanometer is connected to one of the plates, and one terminal 
of the galvanometer together with one pole of the battery is earthed. 
The full arrangement has been shown (I, §3), The saturation 
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current rc(M)rdcd by the ii^alviuioincter gives a uieasure of the activity 
of the radioactive substance. 

This simple arraugement, however, becomes inscaisitivci for tlie 
small ionisations |)roduced by a, p and y-rays. So sixMual a;i)pa,ra,tus, 
bas(Hl on the al)Ove i)rinciplc, liave been designed for the threx^ types 
of railiatiions according to tlieir rcilative powen* of ionisation. Tluise 
are known as the a-, (3-, and 7-ray electroscopes rcsi)ectively. 


(1) The a-Rm/ .Eketrom)pe: This instrument, coimnonly ufled in expe¬ 
riments on a-rays, consists of an ionisation chamber (Fig. '2) ABon the lower 
plate of which the radioactive substance is put; while the upper plate A is 
connected to a metal rod C which passes through an insuhiting plug S and 
carries a thin metal leaf L. The leaf and the part of the rod above the 
ionisation cluunber are enclosed in a second chamber. At first the rod (J 
is charged to a, high potential, tlie upper plate and the leaf being cluirged 
at the same time to tlie same potential. The leaf will be deflected on 
account of mutiud repulsion of the charges on C and L. Initially, the 
deflection of the leaf is calibrated for different 
potentials given to it. Now if the potential 
applied be sufficient, the upper plate and the 
leaf acquire a corresponding extra potential 
due to the charge deposited by the ions. This 
causes a, (‘liange in the deflection of the leaf. 

The method of calculation of ionisation current 
is the same as in Cliap. I, § 4. 

Tliis ionisation in fact is due to all the 
three typers of radiations from the substance. 


B 




sp 


£ 


But the effect due to a-rays 
being many times greater 
tlian tfiose due to P and Y 
rays, the ionisation may be 
considered to be <lue to 



a-rays idomv 

(2) and Y-m?/ ElMlroseapes : The ionisation pro- 
duc(*d by [3-rays is much Binaller than that by a-rays. 
Hence the instrument designed for the p-rays should 
Fig s. The ^ and 7 gn^ater sensitiveness. This is a(4iiev(^d by nnlucing 

ffty ei«i<itr 0 «coiMs. the (uipacity of the system by a reduction of the si/.e, 
so as to include the ionisation chamber inside the 
measuring chamber itself. The instrument is shown in Fig. 8. Tlui 
chamber is a thickwalled lead vessel provided with an aluminium window 
W at the bottom, which is of such a thickness as to cut off the a-rays 
completely but transmit the p and y rays through it. The radioactive 
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substance is placed below W. In other respects the instrurnent 
resembles the a-ray electroscope. The same instru¬ 
ment can be used as Y-ray electroscope, only now the 
Al-window is replaced by one of such a thickness 
as to cut off both a and (3 rays, and allow only 
Y-rays to pass through. The a-ray electroscope has 
also been modified into a form, in which the 
ionisation chamber is an air-tight vessel provided 
with stopcocks so as to enclose the active substance 
if it is a gas, e.g,, radium emanation. The chamber 
itself is connected to the earth and forms the lower 
plate of the ionisation system. The other arrange¬ 
ments are as usual. This is known as the emmiation 
electroscope (Fig. 4). 

Besides the electroscopes, electrometers are also widely used for radio- 
metric measurements. An account of important types of electroscopes and 
electrometers employed for this purpose has been already given in Chap. I. 

52. Other Properties of Radioactive Bodies. —The 

spontaneous emission of the charged particles a- and (J-rays, with 
extremely high velocity from these heavy atoms was n matter of 
extreme surprise to the contemporary physicists. They were at a 
loss to find out the origin and source of this inexhaustible and un¬ 
controllable source of energy. Further studies showed that the pro¬ 
perty of emitting these radiations is entirely atomic, thus confirming the 
early observations of Becquerel. Thus radium emits the same type of 
radiation whether it occurs in the form of chloride, bromide, or sul¬ 
phate, and the intensity is always proportional to the radium content of 
the compound. Secondly, the properties were found to be entirely 
unaffected by the most violent physical changes. Madame (hiri(‘ and 
K. Onnes found that'the-intensity of the radiations from radium 
retained the same value from the temperature of liquid air up to 
1500*0. Thirdly, radium was found to produce heat continuously ; 
in fact one gm. of radium was found to produce heat Jit the rat(^ of 
nearly 100 gm. calories per hour. We shall discuss this (luestiou in 
greater detail (§ 81) later. 

53. Growth and Decay of Radioactivity. —In 1900, a 
further discovery of great value was made regarding the nature of 
radioactive processes. Sir Wm. Crookes found in 1900 that by a single 
chemical process (precipitating solution of a U-salt in ammonium 
carbonate, and then dissolving the precipitate in an excess of the 



Fig. 4. The emanation 
electroscope. 
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reagent) a sniall residue was left which was found to be photographi¬ 
cally iiiaiiy liiindred times more active, weiglit for weight, than the 
iiraiiiurn from wliich it was separated. This and otlier results, 
taken by tlunnselves, pointed to the conclusion tlmt th(‘. activity 
of U was not so iiuicli due to the element itself, bull j)riinarily to 
some otlier sid:)stance associated with it and i>(>ss(‘ssing ditferent 
chemical propertic\s. To this substance the naan'- UX was givmi. 
To avoid inten-fenamee from a-rays when examining its activity, 
the substance iindiu* exaininatiou was alwa,ys wrajipcHl ii]) in an 
Al-foil l/lO mm. tluck wliicli completely cnit off the a-rays. On 
removing the Al-foil, liowever, before or after tlie separation of the 
residue, IJ was always found to give a strong ionisation (duo to a-ray 
emission), but the •ionisation produced by UX alone was found to 
be negligible. Tills indicated that UX probably did not emit a-rays. 

The observatioi:i wa.s repeated by Becquerel who sliowed that 
the active substance is precipitated along with BaCU, mixed up with 
barium sulphate. The precipitate was found to contain all the 
activity, while the original t'T was found to be almost inactive. The 
inactive IT and the active substance contained in Ba wm’c then left aside 
for a year and again tested for |)hotc)gra| )hic activity. Now the surpris¬ 
ing observation was mad(‘ that ina(.Iive IJfml regamed aefirity, while 
Ba {or the aeti/vo) nailer eoaiamed had eoni/plM^^ all aetwidy, 

The same observation/was in^idc^ by Riitlierford and Soddy who, 
working with ddi, isolated minute (piantities of an active substance 
which tliey calhul ThX from 
analogy to Crookes^ IJX. Us¬ 
ing the ionisation method, tlicy 
found that in course of a 
month ThX'lost all Jictivity 
whikithc original Th rcigained 
its iictivity. The matt(M* was 
them (I iiant it'iitively studied. 

Tlu'. residiK^ and the inactive 
matt(‘T w<u*e iaken separately, 
and their activities were 
then plottcMl against time. 

The curves obtained are 
shown in Fig. H. 

The final activity of Th, 
and the initial activity of-ThX are taken as 100. The ordinates 



Klgr.0>. Dtsoay and lieflovifry curves. 
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represent the activities determined by the ionisation current, the 
abscissa represents the time in days. Both curves are irregular for tlie 
first two days, after which they become regular. It will be easily 
seen from the curves that the percentage x^roportion of activity 
regained by Th in any given interval is apx3roxiniately eciual to 
the percentage of activity lost by ThX during the same interval. 

It is found that the decay curve can be represented by the 
mathematical formula 

I = Ioe-^* . ..( 1 ) 

where Iq is the initial activity of ThX and Jthe activity after a time t; 
while the curve of growth can he represented by the comple¬ 
mentary curve 

.( 2 ) 

The constant 1 has the same value in both cases. 


54. Rutherford and Soddy’s Theory of Spontaneous Dis¬ 
integration of Radioactive Bodies.—These facts were explained 
by the hypothesis of spontaneous disintegration which was foiinnlated 
by Rutherford and Soddy in 1902. The hypothesis postulates :— 

(1) jVtoins of every radioactive substance are constantly breaking 
11X3 into fresh radioactive x^rodiicts with the emission of a, (3 and y 
rays. The new product has entirely new chemical and radioactive 
propei-ties. 

(2) The process is spontaneous and of the tyxoe known in chemis¬ 
try as monomoleciilcir, is.^ the rate of breaking cannot be influenced 
by foreign agencies, but depends entirely on the law of chance. 

Thus if we take N atoms of ThX, and if we suppose that the 

clN 

number dJV'breaks up in time cl% then is the rate of breaking. 


According to the above postulates we should have 


. 

where X is a constant characteristic of the disintegration. The solu¬ 
tion of (3) is 


and 


N- 

dt 


-lNoe-^‘ 
dN ■ 


(4) 


The ionisation is proportional to hence (4) explains the decay 
curve of ThX. 
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55. Life of the Atom,—The Half-value Period.—It is (‘l(‘ur 
that if the acti ve substance be left to itscilf then nft(‘r lni)S(‘ of siidi™ 
(‘ieiit tiiiie, it Acill conipletely (lisai)])ear. Now sonic^ atoins Iuum' 
disn,l)i)eju'ed in time /, others in time t+d/: .. . (‘tc. W<^ can tlierefore 
talk of the av<aaij»:e life of tlie atom. This is 


_ ft n 
d. No J ' 




'^riie av(n*a 4 >:e life is tlius iiiv<"rsely |)r(>i)<)rti()naJ to tti(^ decoy 
constant A. 

Ilatf-vahie Fmiod ,—The lialf valne period T is defined as the 
time in wliich tlie quantity of riidioactive imitter falls to half its 
initiid value. We liave 

jf, 


Hence 


•0931 t 


For explaitiiiig the decay curve of ThX we snpposod tliat '^riiX 
spontaneously breaks up and transforms itself into a,n inactive 
siibstance. Let us now see bow it is produced from the mother subs¬ 
tance, Th. 

Experiments have sliown that the activity of TliX is due to a- 
rays. Th also (vniits a-rays, and the ix'.rccntage pr()i)ortioi:i of activity 
lost by ThX is almost ecpial to that gained by Th in any givcui time. 
Hence we suppose that Tli is also breaking up sp()ntan(M)usIy prodiLciup; 
ThX *, tliougli its rate of decay is niuch more slowcn’. L(‘;t us now con- 
si(l<‘r a systcun initially consisting of Pq thorinm atoms, Let tlu^. syspun 
(Contain aft(‘r a time /, P thorium a,toms and (?TbX atoms, (Midi bnnk- 
iu|>: up a.(‘<*or(liug' to its own rate. This picdain* eorivs])()nds to tlu^ 
inaciiv(^ Tlioriinn which is left to itself to recover its activity. Wc hav(^ 

dt ^ 

The s(‘<u)ud expiation is modified because atoms of ThX an^ 
prodiKMHl ]K'r s(U‘. by the breaking up of Th, and ^2 Q atoms of TdiX 
disapi )(Miid)y the breakiiig up of ThX, We suppose that Th is not 

ThX IniH however now been found noli to be tlio direct produ()t of 
Th, but tliere pro a nuinbcjr of intoripediate products. 
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produced from anything more fundamental, and the product of ThX is 
inactive. Ai is a very small quantity while X 2 very large. 

In the steady state, i.e.., after the lapse of siiffioieiit time, we sliall 
have constant activity, i.e,, the rate of production of ThX from T\i 
is just eqxial to the rate of breaking up of ThX. Hence dQjdt = 0. 

or I 1 P--X 2 Q .(I) 

or PjQ X. 2 A 1 = :”t 2 

or in the steady state, the number of atoms of Th: the number of 

atoms of TliX = Ti : T 2 Life of Th : Life of TliX. 

When the steady 'state has not been reached as in Crookes^ 
experiment, we have 

P = Pq (3 

and ^ Poe~^^* - hQ. 

Solving this equation andusing the condition that initially Q == 0, 
we have 

~ • • • • ( 8 ) 

Since It is very small compared to A 2 , we ha.ve approxiimitely 

Q = [1 - ) . 

This gives the number of ThX atoms present after a time t 
Xow the activity is proportional to the number of ThX-atoms break¬ 
ing up, i.e,, to JI 2 © Hence activity varies as 

hPo (1 - = Oo (1 - 

Or, denoting activity by J, we have 

J=7o(l-e-^^0 .(1.0) 

Thus eqn. (10) explains the recovery curve of Eutherford and 
Soddy. We find that the curve represented by (10) is compleincnbiry 
to the curve represented by (4). This can also be verified from Fig. 5. 

56. Extension to Successive Disintegrations.—The condi¬ 
tion that ThX on breaking up is converted into an iimctive compoiiiid, 
may not be in general true. In fact Rutherford proved by studying 
the disintegration products of Ea that the disintegration, may 
successively be continued up to 7 or 8 members. We shall now 
give a brief a(3COuiit of his experiments. 
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Ri»wDK)A(rprVK EMA.;iSrA,Tr()N8 AND I^BtrOED RADIOAXTriVlTY. 

Tho, vtwly workers on radioactivity were nnich piizziled by two 
|)lu‘n<)m(‘na, v'/v., (1) They found that the radioactivity of Tli or Ra 
c1(‘P(oi(1(hI to some extent on the |)rcscaee of air ciirrciits in tlie 
nei^dibouihood of the source. Thus takin^if a tube (K)ntaiiiinj^ Th, 
if an air c*iirr(mt is blown across it, most of tlie activity is found to 
be earri<‘(l away by the current. (2) The so-called huhtml radio 
aHhity. It was fourul tluit if a kuife^be exposed for sonudirne to 
Ra, Til or Ac, its surface beeonics hij 2 :hly radioactive*. Ihifc it was 
soon discovered that the term ‘ rudueed radioactivity ^ l)y which 
this |)heuonieuon was sonudirnes designated was inialeadinji:, as the 
activity was found to be due to tlui deposit of some very lii|i;lily 
radioactive^ matter coinini^ from the source. 

It was shown that both i)henoinena can bo accounted for satis¬ 
factorily by supposing that all sources of radioactivity giv(i out 
liighly radioaetivx* gas(‘s which, on coming into cBiitact with a knife*, 
or l>(‘tt(*i* wdth a positivtdy charged surface, deiiosit further higlily 
nidioa(*.tiv(* solid m[itt(‘.r. .bV)r an account of experiments clc^aring 
up th(‘S(‘ points, h('(» (dia|). IX and X of Rutherford^s liadioacHve 
Hnlhdanrr.s and Their (1913). 

S7. Properties of Radium Emanation*— Ihe properties of 
Rji-'Emanatio'u havx* l)<‘(*u studied in. gr<,5at detail by several investi¬ 
gators. ft lias bc(‘n shown tliat Ra-emanation is a radioa-ctive gas 
of high mnl<*(*ular W(uglit (222), which is chemically analogous to the 
iiK'rt gas<‘s I h*, N<*, A, Kr ami Xc, and forms the cdcincmt HiHu th^ 
p(*ri<)(li<* olussilieat ion. It is much more highly radioactiv(^ than 
Ra from whicjh it is iirodiiCHid, and it is found to decay with an 
av<*ragc lih* of 5*53 days. It (‘inits a, P and y-rays, but these arc not 
wholly due to R.a-hhi, hut to its products of disintegration which are 
ealh'Hl Ra A, B, <1, I>, E, E. Only these products emit y-raya, which 
{ir(‘ not dm* to Ra,-Ifm. IkiKv the. anmmit of Ra Nm iHtkm a sealed 
labv rY/// he rsfiivated by memnrinn the y-ray aetivity of the eoidenl 
of fhr tabr, 

Th(* null uni (‘inanation has been found to he the immediate dis- 
int.<*gration product of Ka* As Ra (at. wt. «« 226) emits an a-partiiele, 
it is (*onv<‘rtcd to Ka-hhn. (at wt, 222). The mnnher of Ra-Ern. atoms 
produced hy a gm, of rjuliuin is equal to the number of a-particlcH 
(*mittc‘d hy radium within the same time. This has been found 
to h(^ q 3'4 X per see, per gm. of Ra (nde supra), 
f. m 
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One Oiirie of Emanation, —1£ we take onegm. of freshly prepared 
radium and seal it in a tube, then E.a will go on evolving EaEni, 
which will resich an equilibrium value after a sufficient length of 
time. According to (7) the number JV" atoms of Emanation present 
in equilibrium with 1 gm. of Ea is given by iV = qjh Since 
A. = 2‘085 X 10’ ^’sec,’^, N = r63 X 10^^. The volume of this gas 
trnde?' N, 1\ P. comes out to be O'59 cubic millimeters tvith a mass of 
5'81 X 10" gm. According to international agreement*, it has been 
decided to designate this unit as one Ourie. The pracUeal unit is 
equal to 10“^^ Curie uhich is sometimes known as one Emari. 

58. Disintegration of Ra-Emanation.—The activity of 
Ra Em and its active deposits (^vide table 1) was studied by Euther- 
ford and liis pupils for a, P and y-rays, jointly and separately, and 
found to be very complex. We cannot enter here into a detailed 
description of the various experiments by which the experimental 
observations were explained, but we shall state only the results. 
Among other facts it was discovered by Soddy and Boltwood that 
radium is not by itself the parent substance to start the series of 
successive changes, but it is genealogically connected to Uraniuiii. 
This element, after a series of a, P transformations gives birth to 
radium, which continues the process still further. The entire series 
is therefore known as the Uranium-Radium seines. This series is 
illustrated in chart I. The various products of transformation havc^ 
been separated by employing the methods of chemical and physical 
analysis where possible, and in most other cases by the method of 
radioactive recoil. The latter method depends upon the fact tliat 
when a radioactive element emits, say an a-particle, in a backward 
direction, it itself recoils in the forward direction with a velocity 
inversely proportional to its mass. If mi^ Vx be the mass and v(,do(u,ty 
of the emitted a-particle, m 2 ^v^ the corresponding qiiantiti(‘s for tlu^ 
radioactive element, we have miUx = b(^iiig dh'(H‘.t(ul 

oppositely to Vi. The recoil atom in its motion ionises the surroimd- 
ing gas, and it is found that in this process it loses n. few of its 
electrons and becomes positively charged. So by applying a siiitabhi 
potential difference between the source and an insulated plate*. phuMul 
above it, it is possible to get the recoil atom deposited on tin* plahu 
By this method it has been found possible to collect in many cas(vs 
the individual radio-elements in a pure state. 


Radiology Congress, Brussels, 1910. 
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Chart I.— Oranium-Radium Series 


M = 4ra+2 






The Tertical arrows denote a-ray transforraations, and the diagonal arrows p-ray 
transformations. T==0'693l/A. sec. For more accurate ^.-values see tables 2 and 3. 


One year = 3T5. 10^ sec.; 1 day = 8-64. 10^ sec.; 1 hr. = 3600 sec. 












Table 1.—Radioactive Constants of U-Ra Series. 
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^ The X values have been taken from the Beport of the Int&matwrml Ba^timri-skmdmds Commdsmon^ Brassels (1930). 
t The ranges given are the values obtained by Geiger, Zs, f. Phys., g, 45, 1922 {vide table h). The y^ue for EaC 
is due to EutherfoM and otiiers {Proc, Boy. Soe. A, 129, 211, 1930), These values have been considerably modified in a recent 
detomination by Rutherford {Proc, Bay. 8oc. Aj 139, 617, 1938) using a new method of annular magnetic field. 








Table 2.—Radioactive constants of Ae-series. 
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59. Explanation of the Chart,—The*wliole process of radio¬ 
active transformation is schematically represented in charts 1 
and II. The circle round UI (chart I) represents th(‘ ITriiniuni 
atom, and so on for vaiious other products of the S(M’i(^s. The 
series in chart I is the Umrmim-Madmm series. The luuiKi of 'each 
product in symbol, its atomic weight and the decay constant 
1 are enclosed within the circle representing the element. Eleirients 
in the same horizontal row have the same atomic number as indi¬ 
cated in the extreme left. The transformation from one element 
to another is always brought about by spontaneous disintegra¬ 
tion, -which is marked by the 'emission of an a or a p-partiele, and 
very often the p-ray disintegration is accompanied by tlu^ (nnissiori 
of y-rays. The vertical arrows in the scheme denote a-ray disintc^gra,- 
tions, while the diagonal arrows represent P-ray disintegrations. Since 
an a-particle has a mass 4?7/n and a charge+ 26^, and a, p-particle 
a negligible mass, and a charge — e, a x^i*oduct of a-rsiytnitisforin- 
ation is displaced two units downwards on the atomic nimiber scale, 
and loses in mass by four units ; and a product of P-ray transforination 
possesses equal atomic weight with the parent atom, but is displaced 
one unit upward on the atomic niimher scale. Thus we have for 
uranium I, atomic weight==‘238‘18 and atomic number =4)2, and for 
uranium X.i which is its immediate a-ray disintegration product, 
atomic weight=234 and atomic number=:90. The same relations may 
be verified between radium and radon (which is also called radium 
emanation) the a-ray disintegration product of Ea. Again for 
radium B, atomic weight=214 and atomic niiml)er=82, and for its 
immediate p-ray transfonnation product BaC' the corresponding 
(piantities are 214 and 83 respectively. 

The constants for the various products of the seri<\s, with tluur 
full names and symbols are given in table 1. The type of disintegra¬ 
tion each product undergoes is shown in column 4. The decay 
constants and half-value periods are shown in columns 5 and (5. In 
case of a-ray disintegrations, the extrapolated ranges of a-rays ( 

are given in column 7. The energy of the a-partiole, and that of the 
disintegration with recoil are respectively given in columns 8 and 9 
of the table. It will be seen that iT which is a measure of stability 
of the element varies between 4*5X10^' years and 10'”“ seconds and A 
varies from TOXIO*" to 10®, for radioactive processes so far ktiown. 

Chart II represents other two series of the radioactive^ family, 
mx., the actinium and the thorium series. They will be diBcussed 
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in § 61. The three series begin with, the atomic weiglits 
and ifi respectively, where n denotes an iiitegei*. 

60. The U-Ra Series. —We shiill now (lisciisa the chart in greater 
detail. The transformation of U to ITX, is attended with the expulsion 
of an a~particle, The element UX now undergoes a P-i’ny transformation 
in two different ways : 

90 91 92 90 88 

(1) UX,*^UX2-^XJIMo-»>-Ra 

(3 P a a a 

90 91 92 

(2) IIXi->DZ(?)-i^Urr 

P P a 

Tliese are repreBented by the two diag-onal l)ranches starting from 
UXi. The first of the two branches is the main series of changes to 
which 99*65% of UXi contribute, while only 0*35 % of UX i tiikos part in 
the second. Both of these give the ultimate product ITII; the intenne- 
diate products of the two branches, IJX 2 and (?), are cheniically 
identical, but thc'-y diher widely in their half-value periods (114 min. and 
6’7 hrs. respectively). The product U,II is an a-ray body like DI itself. 
In fact the two are chemicially inseparable and differ only in atomic 
weights. It was at one time thought, as the result of an observation by 
Boltwood, .that UI emits two a-particles instead of one; but now it is known 
that the second a-partiele comes not from UI, but from UII, which is thus 
transfonnecl into a new element Ionium, In 1907, the element ionium 
was first isolated by Boltwood, who showed that this was the parent of 
radium. 

"We now^ come to radium and its family. The genealogical relation 
of Ea with U has been clearly shown in the above discussion. The 
disintegration product of Ea is radium-emanation, or radon a gas 
whose property has been discussed in § 57. Further products of the 
series are : 

84 82 83 84 82 

88 86 84 82 8S P^RaC'-EaD-RaE-EaF-.EaG 

Ea->En-^RaA->RaB->RaC < ^ “ 

a a a fl 

P 

The elements EaA, EaB, RaO are characterised by short lives, while 
RaD, RaE, RaF possess quite long lives. The breaking up of EaC is 

*** TJZ was discovered by Hahn in 1921. 

F. 17 
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iafceresting*. It is a dual disintegration of both a and P types, shown by 
the two branches of the above scheme. 99*98% of the total aniount of RaO 
breaks up with the expulsion of a |3-particle giving EaC', which again 
breaks up with the expulsion of an a«particle and forms RaD. On the 
other hand 0'04% of RaC undergoes a-ray disintegration giving the 
product RaC'', which finally breaks up after emitting a j5-particle and 
forms RaD. Thus the sequence of transformation in one branch is 
reversed compared to that in the other. 

The element RaD has the atomic number 82 and is identical in 
chemical properties with Pb. RaD is therefore identified with Radio4ea4, 
discovered in uranium minerals in 1901. Further, it has been found 
that RaF is identical with the element polonium discovered by Mine. 
Curie, in 1898 ( vide §48). The last product of the series is RaG which is 
inactive. It is again identical with ordinary lead. But for indicating its 
origin, it is commonly described as Uranio-lead. 

It should be remarked here that the positions of the products UZ and 
UY*^ in the table are not very certain. The same remarks apply to the 
transformation DII-->Pa. This is indicated by the sign of interrogation 
against them. In fact the production of Pa having an atomic weight 231 
and atomic number 91 from XJII having tlie atomic weight and number 
234 and 91 seems highly improbable, unless we assume the emission of a 
particle of mass 3 and charge -4- 1 at one stage. There is yet no proof 
of the existence of such a particle from any other source. It is therefore 
supposed that Pa originates from an isotope of U called JrMno-umniumf 
having atomic weight 235 and atomic number 92» The proces.s 
may be 

a P a P 

92U(235)->90UY (231)-^91 Pa (231)->89 Ac (227). 

The process is then continued to the Ac-series. 

61. Actinium and Thorium Series. —Besides IT-Ra series, 
there are two other series of successive disintegrations. These are the 
Th-series and Ac-series one of which (Th) at least is unrelated to the other 
two. They are represented in chart II and their constants are given in 
tables 3 and 2. As they are given on exactly the same lines as U-Ra 
series, they require no further explanation. It is rather striking to note 
that here again dual disintegrations of both a, P types occur in Thorium C 
and Actinium 0, each of which breaks up into two distinct ways. These 
are shown separately in schemes A and B below. 

* UY was discovered by Antonoff in 1911. 

t Western and Ruark, Pkys. Rev., 44, 675, 1933. See however, Gratias 
and Collie, Proc. Roy. Soo. A, 139, 567, 1933. 
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There is but one difference that while in U-Ra and Tli series, in the 
dual disinteg-ration of “C” products, it is the P-disintegration branches 
which ans main lines of products, in the Ac series, tiro a-disintogration 

Th C”'->l'hI) 


Th C 



(A) 


Th €'-»-ThD 
a 


Ac 




x'- 


C< 


.4 

pX 


Ac C"-+Ac D 


Ac I) 


a 


( 1 ^) 


brnncli priHloiviiimtc'S. The final praductH Thl) atid AcD of iilio two 
aeries are ng:^dii inactive and identical with Pb (82). They are described 
as ihorio-kad and adiniodead respectivcdy. It may be mentioned liere 
that recently Aston*'* has verified the three important isotopes of Pb 206, 
207 and 208, and a very hiint isotope 210 (RaD?) by tlie inasa-Bpectro^raph. 

It remains now (;o discuss if the element Ac is g-enealogiciilly ndah'd 
to the U~Ra, series. This is an interestin^^^ question, but iinfortumitely 
the position is not vca-y certain. Aecordin^ to one view the element IJY 
\vhi(;h is possibly ii Imundi product of UX| (simi chart I) is the parent of 
t.he A(‘.-s(n*ii^s, iind the newly discovered element Ih*ota(?tiinam is the 
internuMliati^ proilvuar l)(divveen IIY anti Ae. Extromt3 weakness in activity 
of Ac and its prcxlucts has again led to another view tliat Ac has its 
origin in an isotopcMif IF ne.tairring* in a, relatively small proportion, This 
hy potlu^sis has aln^ady laxm tiisciissed at the end of § 60, 


62* Soddy and Pajans' Oisplacement Law: Radioactive 
Isotopes.— With th<‘ (dearing up of tlic itk^as of successive^ transfor¬ 
mations, attcmitits were made to study the physical a,ud (‘.iKunicMil 
properties of the jiroducts in gretUer detail in order to (lx tludr 
positions in the ixndodic table. It was vc'ry soon found that; 
many raclioeknnonts could not be separated from each other or from 
some common element by the methods of chemical analysis. 
Thus McCoy and Eoss found that Rd Th (Radiothorium) and Th 
were chemically inseparable, and. so also were Ea and MsTh" (meso- 
thorium) as pointed out by Soddy and Marokwald. Similarly in spite 


^ Aston, Proe. Roy. Soe. A. 140, 635,1933. 
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of numerous investigations Ra D has not been separated iroin 1 b 
with which it occurs in the analysis of IT-mirierals. i his early led to 
the view* that the two elements of each such pair, a parent and a. 
product, e.g, RdTh and Th, or RaD and Pb, do not dillbr at all 
in their chemical properties, that is, they must be placed in the 
same vertical column in the periodic table. What is then the 
connection between the chemical ^property of a product and tlie 
ray emitted by the parent element? This question first occiirrecl 
to Soddy and Fajans, and was satisfactorily answered by them. 

From a scrutiny of the chemical properties of the successive 
products of a disintegration series, Soddy and Fajans arrived at 
results of wide generalisation. They can be stated as follows :— 

(a) When a radioactive atom emits an a-particle, it is converted 
to another element whose valency is loss than that of the parent 
substance by 2,'or its place in the periodic classification is shifted 
by two places to the left. Thus Ea on emitting an a-particle is 
converted to RaEm. The valency of Ea is 2, the valency of RalSiu 
is zero. The atomic number of Ra is 88, that of RaErn is 8(:). 
atomic weight decreases by 4 in this process. 

[b) When a radioactive atom emits a P-particlc, it is converted to a 
new element whose valency is greater than that of the x)a,rcnt siil)stiince 
by 1. The place in the periodic table'is shifted'by one position to tlui 
right. Many examples will be found in charts I, and 11, 
products of the three series can all therefore be placed in their res¬ 
pective positions in the periodic table, as shown in charts f atid II. 

A scrutiny of the charts shows that there are many ra,(lioactiv(‘ 
elements in the same horizontal row, and therefore i)()SHc:^ssing the 
same chemical properties, but having entirely diilercmt atomi<^ 
weights, e.^., in the group marked Ila, we haveRa, ThX, AcX, MsTh, 
all having the atomic number 88 and they are all divalent, 

This raises the possibility that atoms having the same chemienl 
properties may have diflPerent weights. Such atoms are said to 
form isotopes. Thus EaB, RaD are all isotopes of lead. 

SECTION 2 

Properties op c(-Rays 

.63, Nature of a-ParticIes.—Of the three kinds of radiations 
from a ra^oaotive substance, the 'y-rays have been found to be 

''Soddy, Trans. Ghem. jSoo., 99, 72, 1911. 
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electroinagrietic in cluii*acter like light, while a and p rays have been 
found to l)(^ c*harg(‘d material particles. The P-rays are very light 
and from llu‘ dir(M‘.t ion of their deflection in a magnetic field were early 
found to poss(‘ss a, mgative charge. But evidences regarding the 
nature of a-rays could not l)e obtained so easily. This was partly 
due to th(‘i:r idiotographic inactivity compared to the P-rays and 
])ar*tly to tin* fact that they 
wer(‘ unallec*!(ui by ordinary 
iniignetic fields which were 
sufficient for causing deflection 
of the P-p{vrtiel(‘H. It is now 
known tliat this was due to the 
greater mass of tlu‘ a-i)a,rti(?Jes. 

Tlie earli(‘Ht attack on the prob¬ 
lem was du(‘ to Ilutherford 
in 11)03. Ibuillowed the a-rays 
from nuiium to pass through 
a, large number of parallel 
vertical slits (1, s(:‘|:)a;rated by 
a distancHs of 1 mm. into an 
evacuated ehanib(‘r V contain¬ 
ing a. cliarg<‘d gold* leaf B, MuKtioUc clovlatlon of a-rays. 

(F/V/e Mg* 0). The ffilect was tli(‘ i-apid (adlapso of the leaf, due to the 
ionisation of tin* air l)y (x-rays. But on a.pi)lying a strong mag- 
u(‘ti(* fi(‘ld i)arall(‘l to th(‘ slits, a, mark(Hl diminution in the rate of 
collapsing was notiexMl. Mvideutly some of the a-particlcs are deviated 
from (Invir (*oui'S(* and pn^venbHl from entering the chamber. In 
onhu* to avoid th(‘ absor()tion of a-rays in the gas RaEm emitted 
by I'lii, a st(‘axl-y flow of hydrogen was nmititained througli the apparatus 
which removcKl tin* (unanatiom 

64. Magnetic Deflection of a-Rays.—Accurate measure- 
UKuit of magmatic, dcdlccdion of a-rays was made by Rutherford and 
Robinson^ in 13M. They found that ordinarily a radioactive 
subs(.a.iK*.(‘ giv(is a rays of wide range of velocities which render the 
magntitie ddhadion uiu‘.ertain, and a liomogeneous' source of a-rays 
was (‘ssiuitiaJ for any precision measurement For this purpose fhey 
took a platinum wire which had been exposed for a long time to the 

Uiitlurfonl and Robinson, PhiL 552> 1914. 
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radioactive gas radon and liad thus obtained a thin deposit of RaA, 
RaB, RaC over it. The a-rays from such a wire at A (Pig. 7) wore 
allowed to pass through a narrow slit at B parallel to the wire (perpen¬ 
dicular to the plane of the paper) and received 
on the photographic plate C. The enclosing 
chamber was evacuated. A strong nniforni 
magnetic field, parallel to the slit, was applied 
by means of a large electromagnet, which 
deviated the a-ray beam to one side as 
shown in Fig. 7. Two deflected bands due to 
direct and reversed magnetic fields were 
obtained on the • photographic plate. If 2d = 
distance between the bands, h == distance 
between the source and the slit, a=distance 
,b€itween the slit and the plate and p = radius 
of curvature of the beam, we have, when cl is 
small 

2pcl = {a + b) a 

Taking E = charge carried by an a-particle and M == its mass, 
and = the velocity of the a-partiele, we have 

Blue yj. Ha [a + h) . ,, 

E ' ~ -- M - • • • • 

wliere H = the applied magnetic field. Using a ■= 6‘54 eras., 
b = 6'618 cms., the deflection -was 2d = 13’f)3 mm. for a field of 

6236 gauss. In this-way a mean value of = 3‘y83 X 10® was 

Jii 

ohtaiaed. An actual photograph of curved a-ray tracks in a high 
magnetic field is shown above in Plate II (Pig. 8). This is due to 
Kapitza*. 

65. Deflection of a-Rays uader Electric Field. —The electric 
deviation of a-particles was measured with precision by the same 
authors'] in 1914. At a distance suitable for obtaining appreciable 
electric deflection the intensity of a-rays from the wire-source being 
too -weak, they used for the source a thinwalled a-ray tube filled with 
radon. A uniform difference of potential was maintained between 
two large strips of silvered glass plates A B (Fig. 9) with their pianos 
vertical and parallel to each other. The a-ray tube S was held 

♦ Kapitza, Froc. Roy. Soc., 106 , 602, 1924. 

t Rutherford and Robinson, he. dt. 



Fjg. 7. Ha^metic deflection 
of a-rays. 
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centrjilly near one end of the plates, tlie otlier end of wliich 
carried a narrow inica slit L. The whole 
was enclosed in an evacuated glass tube 
closed at the (vnds. The a-rays from S 
on passing l)etween the two plates traversed 
the (‘l(H‘tiic field jind were received on the 
photographic plate P. Two bands were 
obtaiiH'd, one on reversing the electric field, 
and the other witli direcd field. If 1) — the 
defle<dion of a band from the centre under a 
potential diflerence F between the condenser 
|)lates, / distance of the photograi)hic 
plate from tlu^ <aid of the condenser i)lates and 
d the distances between the i)lates, then 


8 Vl^ 


E 


[ D—dy^ * 


( 12 ) 


With an electric field of 2000 volts and the 
distance between the condenser plates about 

% I / 

4 mm., it was found that the value of — 

Jy 

was of the order (i X 10^'h 



0. Electric dcilection of 
a-rays. 


66, ^ for a-rays.—From combined observations of the elec¬ 
tric and magnetic deflections, the value of lil/M for a-particles can 
be (‘alculai(‘d using tlie equations (11) and (12). In actual experiment, 
th(‘ sourca^ is a. mixturti of three substances Radon, Ea A and Ra C, 
so that th(‘ plat(‘ shows for magnetic or electric experiment three 
bands on eitlua’ sidc^ of the central band. The results calculated 
for thc^ thrt'c subsfanc(\s fi*om these liave been shown in Table 5. 


Ihlde 5. EjM for a-rays. 


Sounn^ of rays. 

Experi¬ 

ment 

Mue 

'"'ly 

E 

E 

ir 

Ra C 

1 

Bf>r>r)xio6 

6-083x10'-' 

481B 


2 

8-555 

enio 

4820 

Ra A 

1 

2'941 

4*174 

4824 


2 

2-941 

4'185 

4837 

Radon 

1 

2-717 

3-500 

4822 


2 

2-717 

3 503 

4826 
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The values of E'/Jf for the a-particles from the three sources are 
found to be constant ■within the limits of experimental errors. The 
results of a few accurate determinations for E^a C gives a mean value 

4820. For the hydrogen ion — =9650, which is nearly double 

the value for a-particles. This opens out three possibilities, namely, 

(1) E=6, (2) (3) .11=26, Jf=4r%i. Again 

u 

Briggs* calculated the ratio for the helium nucleus and lias 
obtained a value 4826. This agreement lends evidence in favour of 
the last possibility, which makes an a-particle identical with a doubly 
charged helium ion (ie., —nucleus). The question was 

finally settled by an actual determination of the charge carried by a 
single a-particle simultaneously by Regener, and by Rutherford and 
Geiger. The experiment consists of two parts. In the first part, the 
total number of a-particles . emitted from a radioactive substance 
per gram per sec. is obtained, and in the second part, the total 
charge carried by the-a-particles is determined^ 

67. Counting the a-particles. —This was done almost simult¬ 
aneously by Regener, and Rutherford and Robinson. Regener^sf 

apparatus is extremely simple and 
is shown below (Fig. 10). 

In this method, the number 
of scintillations produced on a 
sensitised screen *by a-particles is 
counted. As sensitive screen, 
Regener used a thin crystal plate 
of zinc blende, or a diamond crystal 
plate P of T mm. thickness ; the 
scintillations are observed by a 
microscope M (magnification 170, 
aperture f/V40\ The radioactive 
source is a thin preparation 
of polonium (RaF) which gives 
only a-particles. These go out 
through a definite solid angle and 
are received on the plate. The 

^ Briggs, Proe, Boy, Soe. A, 118, 549, 1928, 
f Regener, Verk d. D.Phys, Oes.^ 19, 78, 851, 1908. 
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total niiinber of a-particles emitted per sec. can be easily cal¬ 
culated by countiiij*; tlu^ iminber of scintillatious in a definite 
time. Independent evidenco lias shown that eacli a-particle produces 
only one scintillation on a dianiond plate. 

Ijot It be tli(3 distance of KaF from tlie crystal plate, /‘^surface 
of the crystal, //^==iivunber of scintillations observed in time 3^, then 
the number emitted per sec. is given by 

t f 

Using /f*«127 mm. Ilegener obtained in an experiment v^,==:3‘935X10^ 

The amount of radioactive sul)stance present can be determined 
from its Y-ray activity. Ko the numlxu* of a-particles emitted by the 
source per gm. pen* second can also be calculated. This is an 
important physical constant, and for Ra the value of this quantity 
is ()*3‘5X10^^ 

If the total clnirge carried by the n a-i:)articles now be determined, 
the charge on one a-|)artic1e would be obtained on dividing the 
total charge E by //. Thus using' 7?—3*77.10“ ^ (see §68), 

9*58X10“^^ e. s. units ± 3% 

from which it is apparent that the charge carried is 2Xeharge on the 
rlrciron. 

Electrical methods of counting, which depend upon the ionising 
|)ow<.^r of a-rays at low pressures, were subsequently developed by 
Rutluu’ford and Ueigeu’. An account of these raetliods and -their 
further <leveloi)nu‘nts by Geiger have already been given (I, §13). 

68. Charge on an a-particle. — We now proceed to 
th('. nu'iluxl of det.(*rmination of charge of an a-particle. This 
was d()n(‘- by liutluM’ford and Geiger* (1908) by measuring the 
total eharg(‘ e4irri<‘d by a definite number of a-partioles 

(unitkxl within a given solid angle. The constant Q, that is, 
the numb(u* of a-i)articles emitted per second per unit 

gramuHi of th(^ active substance was known by the methods in 
§ 67, I’'!) d(‘tcu*miue the corresponding charge, the apparatus in Fig. 11 

*^Rutherford and Geiger, Proe, Hoy* Soe* A, 81 , 141, 1908. 

F 18 ' ■ : 
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was employed, A known amount o£ radioactive substance Ka C was 

placed at R. The a-rays first pass 
through the A1 foil B and then fall 
upon the plate CA, the lower portion 
of which is covered with a thin A1 
foil. The whole apparatus is placed 
in a strong magnetic field which 
deflects the (J-particles from Ra C, as 
well as 5-particles (recoil electrons), 
so that they do not disturb the 
measurements. The apparatus is 
highly evacuated, and the current 
between CA and B measured. The 
number of a-particles falling on the 
plate per second is known from the 
Y-ray activity of Ra C (§ 67). 

The strong magnetic field com¬ 
pletely eliminates the * effect due 
to p and 6-rays and charges the 
upper plate positively whatever may 
he*the charge on B. The plate B 
is first given a positive potential 
+ F, then a negative potential - F. Let 4 and be the observed 
currents in the two cases and io be the current’ due to the residual 
ionisation of gas. Then 

i] =Wa +io 



^2 — ^0 

where «=number of a-particles falling on the upper plate per sec., 
ea = charge on each of them. Thus, we have 

% can be obtained a,s in § 67. Thus the charge carried by an a- 
particle can be calculated. The value obtained in this way is 

6a = 9*30 K10e. units. 

But the charge on an electron is e == 477 XIO’e. s. u. 
which is very nearly equal to half the above value. From this 
it is apparent that the charge carried hy an a-partiele twice the 
charge on an eleciroru 
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69. The a-particle and the Helium atom.—1^'rom § 68, wc 


have thvis 

= 26. 



and 

- . ..= 482; 

Wa (■ 

Hence 

'»la = 

i,e,^ the nnu 
H-atoni. 

« of tlio a-particlo is 


From these ineasiirements, it 
appears that the mass of the 
a-particle is equal to the mass of 
the helium atom. This ^ave rise 
to a strong: Bvisi)icioii that there 
was very intimate coimection be¬ 
tween a-rays and helium. Tlie 
suspicion was further Btrcuigtheried 
by tlie knowledge, that almost 
all radioactive niinerals contain a 
certain quantity of helium. '^Plns 
receives an easy e^xplanation if 
■vve suppose that tlie lielinm is of 
radioactive (>rig;in, and is foruKKl 
due to the c()nv(‘rsi()n into lieliuni 
of a-partic‘l(‘s (‘mitt.(ul throupili ages. 

Thi^. idcMitity el* cx-particles with 
heliutii was dcdiniix^ly dximonstrated 
by Ilutherford anxl Royds* by the 
following experiment (1%. 12). 


A is a thin ghiss tube le^^^ than p U ^ 

'02 nnn. thick. It was surrounded by v::*"’";.'!/ 

,i m,lvr tulx^ T, wlm'h onik in the mZrM .nd Ko,n-. 

capillary V, Within A we have about 

lOO nullienrie.s of radium emanation, T was evacuated. Tli<i a-i>arti(d(^s 
of the emanation and other acdiive cl(»poBitB flow through the glass surfa<5e 
of A into the ouUt tube T, and stick to the siirfao(^ of T. In procc^ss of 
time the a-partiele diilVises into the volume of T, and c^iin be collected in 
V for spectroscopic examination by raising the mercury. After two 



rig. 1:8. Kutlvt‘r<*or(l mi Koyd’i Kpimra^im, 

T M'«« civacuutdd. Tlio a-piiii.i(^l(W 


♦Eutherforcl and Eoyds, FMl. Mag. 17, 281, 1909. 
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days, the yellow line of lieliuni 1)3 was visible, and in a few days all the 
lines appeared strongly in the spectrum. 

Blank experiments were performed to show that ordinary helium 
introduced in A could not diffuse through the glass walls. 

It may be mentioned that the a-particle is not quite identical with 
the iiornial He-atoni, but it is equivalent to the He-atom which has lost 
two electrons. We shall see later that it is identical with the heUwn 
nudejhts. 

70. Absorption of a-particles in their passage through 
matter—the Range of a-particles.—It has been already men¬ 
tioned that a-rays from Ra axe completely absorbed by a thickness 
of a few cms. of air. The thickness of A1 required to stop completely 
a-rays of a definite velocity is much less, and in fact the thickness 
depends entirely on the nature of the absorbing mediurn. The earlier 
studies on the absorption are due to Rutherford and Mme Curie, but 
a thorougli experimental and theoretical study of the absorption of 
a-rays by matter is due to Bragg and Kleeman (1904). Bragg ex¬ 
plained the mechanism of the absorption process as follows: 

The a-rays from a thin layer of radioactive substance are 
emitted with a definite velocity. But as they are allowed to traverse 
through matter, they gradually transfer their kinetic energy to the 
neighbouring molecules by collision with, them, and are ultimately 
completely stopped. The energy thus lost is expended in producing 
ionisation in the medium. When the a-particle has lost most of its 
energy, it may capture one or two electrons and get neutralised. 
The ionisation, therefore, ceases completely beyond a certain distance 
from their source when the a-rays lose all their energy and probably 
get neiitralised. This limiting distance is called the Mange of the 
(X‘'2)articles, Bragg arrived at this conclusion from an exx}erimeiital 
study of the ionisation of an a-particle at different points of its 
track. 

The method employed by Bragg for this investigation was quite 
simple. He took a thin pencil of homogeneous a-rays from a radio¬ 
active substance. Two parallel metal gamzes separated by a small 
distance were then placed at any point of the pencil of rays. By 
applying a suitable p. d. across the gauzes, and shifting the gauzes at 
different parts of the pencil along its length, the saturation current 
between them was measured. This gave directly the ionisation 
produced by the a-rays at different points of their track. The. form 
of the ionisation curves for a-rays from Po and Ra C' as obtained by 
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I. Cin'ie by tliis ino.thod is shoyrti in Fig. 13, in whicli distances from 
the BOiu’ce have been jjlotted as abscissiB and the coiTcsponding 
ionisation observed as ordinates. It is seen that the ionisation at iir.st 



distance in cm. of air at 760 mm. pre$mre and f 5°C 
Ftg. lit. Ionisation Curven for a-parllolcH 

iiicrejuses with tlie clistjuice along the track of the rays, it tlxcn 
reaches a maxiiiiiun and then suddenly drops almost to zero. The 
distance correspoiKliiig to tlie zero ionisation gires tlK'. range of 
the a-i)articl(3s. Tims for Fo, the range is irS^l cm. and for lia (y, it 
is 7 cm. from the carvers. 

It will be obscrvc'd that the (mkI of tln^ ionisation (mrve where it 
ai)])roaelies the'! abscissa, tt'rmiriates in n, i)r(>noim(‘ed tail. This |)art 
of tlK‘ curve lias Ix^eii inor<^ cart‘fully inv(‘stigatcd by Iltmdtn’son,*'' 
Marstlcii and Perkinst, lAnttlnvr and Ninnno:|: and otluu's. ,It is now 
cl<‘ar dial. tlK‘ ax'tual rang(‘of the iiarticlcs sliould Ix'. deteniiined by 
(‘xtrapolating the straigiit Him part ()f the end curve and obsirving 
where it cuts the abscissa. The range thus obhiiiuHlis known as tlie 
extrapolaled rrmrir. The |)oint wliere the tail cuts the x.~axis 
(l(‘termiii(‘s tin*. 'ViaTitn/nn range of a-rays. '^riie, tail a,ctnally r<i- 
prestmts a niort^ eoiii[)licated |)henonien(>n known as -shrHjgluaj^ and 
it is supposed to be due to a-rays behaving in a coiiiplicattxl way at 
the end oE its tra,e.k, though during the initial stages, the Ixdiaviour 
of all a-rays is identical 

It is to he uoti(x*.d, that the picture of absorption [in'sentcd 
abovc^ (liflers funclamentally from that of cathodiway absoriition 

MIcMulerson, 

t Mars<l(‘.n and .Perkins, Phil, Mag,, 27, 690, 1914* 

t Fiuither and Nimnio, Proe, Cawih, Phil Soc., 24, 189, 1928, 
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where, on account'of the lightness o£ the cathode rays, they are 
continually arrested in iinnibers at every point of the beam, and 
finally are completely stopped. In the case of a-rays, the pheno¬ 
menon refers to each of the individual particles, the number of 
particles projected from the source proceeds undeviated eacli to the 
end of its range, and the cessation of ionisation is due to a gradual 
loss of energy of each particle. 

The range of a-particles depends strictly on the velocity with 
which they are projected from the source. The actual relation 
existing between the range R and velocity v was investigated by 
Geiger in 1910, who expressed it by the formula 

^aE ..(13) 

where a=a constant. This formula was found to hold approxi¬ 
mately over a wide range of velocities up to ‘5 of the maximum 
velocity. Below this limit the photographic as well as the 
scintillation inethods usually employed become insensitive and 
the observation is complicated by the efifect of hirge angle scattering 
of a-rays, which will be discussed just now. Accepting Bragg’s 
assumption that the ionisation produced in the i)assage of rays is 
proportional to their loss of energy, we have, since 

and EocR^ 

therefore, — oc oc 

clR V 

Thus the ionisation produced by an a-particle at any i)()int iti its 
track is inversely proportional to its velocity at the point. This 
gives also a method for the determination of total ionisation i )rodticed 
by a rays from their range.* 

The range of a-particles can be reduced by placing a uniforni 
screen of some material over the source. Thus a-rays from RaC have 
a range of 7*06 cm. of air at 20°C and 760 mm. pressure. Suppose the 
range is reduced to 5 cm. by inserting a uniform Al-screen over IhiC of 
a few mm. thickness. The air equivalent of the range by which it is 
reduced (2*06 cm. in the present case) is called the stop'pmg power of 

* For recent works on this subject see H. Ziegert, Zs. f. Pkm„ 46, 

668, 1928. / .i » , 
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tlie injitcrial (Al), and it depcuids ii[)on the tliickness of the scroeii 
and atornic weigiit of its material. 

71, Direct Determination of the Range.— Tlie soiuKlness 
of these views regarding tlio passage of a-rays tliroiigli ai.i* Is very 
beautifully illustrated in C. T. ,R. Wilsou^s method of actually reii- 
d(n'iiig thes |)ath of itulivitlual rjiys visible (F, §12). Some of the i)li()tO“ 
graphs of the a-ray trjicks in air are shown in Plate II, hlg’S. 14 (a), 
{/)) and (lo). Th(‘S(i are for a-niys from Th() and hav<i l>cen taken 
from tlie original i)apers of Meitner and her co-workers. It will be 
seen that the tracks terniimitc abruptly beyond a ctu’taiu distances, 
which clearly sliows the ranges of the particles. 

It has already been ex[)lained (§()!) that ThC undergoes a dual 
disintegration of (a, (3) ty pe according to the scheme 

ThC" -LtIiI) 

^ XiiC- xixD 

a 

The a-ray from ThC itself has a range of 4*8 cm. The (3-ray product 
ThC' also emits an a-ray having tlie range 8'6 ooi. Fig. 14 (a), (h) 
is a stereoscoiiic Wilson cloud-clianiber pliotograph of a-ray tracks 
from TliC obtained by M'eitner and Ereitag. It clearly shows two 
groups of tracks corresponding to tlie a-rays of tlie two types. Besides 
these, Eutherford and Wood’^ and later Meitner and Preitagt have 
observed another rare group of a-rays from TliC+C' haying the range 
11*5 cm. The lattenl: have detected also a new group of a-rays of 
range S15 cnis. The irumber of both of these groups of long langc'- 
a-particles is extremely small as is apparent from the disint(‘gratic)n 
hypothesis. In fact Meitner has estimated that out of lO^’ a-partiel(‘s 
from ThC+ 0', about 200 particles have a ranges of 11*5 cm. and only 
70 have the range 9*5 cm. Fig. 15 rejiresents these ran'. ph(‘nomeiui 
as observed by the clond-chamber methc)d§. The two wry long 
tracks on the extreme left and right are of 11*5 cms. range', luul the 
shorter one is of 9*5 ems. range. 

E. Eutherford and A. B. Wood, PML Mag. (5), 31, B79, 1916. 
t Meitner and Froitag, Zs. f, Fhys.^ 37, 481, 1926, 
i Meitner and Freifcag, Im. cit 
3 Meitner, Naturwiss.^ 12, 634,1924, 


a 

ThC-:3^^ 
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Similarly long range a-rays have also been detected from RaC’*'. 
The origin of these rays has been a subject of miicli disciissioiis wliicli 
throw light on the prohleni of nuclear structure. It will he discussed 
f ully in the chapter on Nnelear Phyncs. 

Quantitative measurements of the range of a-particles ha\n^ also 
been made from these photograi3hs. The results obtained are in good 
agreement with those of other methods. 

72. Other Methods for the Determination of the Range.— 

Besides the ionisation method and cloud-chamber method, the scintillation 
method has also been sometimes einployed for the determination of range. 
The method is practically the same as that of counting a-particles by tlie 
spinthariscope (§50), only the distance of the screen is made variable. This 
method however becomes unworkable when a very weak source of a-parti¬ 
cles is available. 

GErcER AND NuTrALE’s Method. 

For such cases a method originally employed by Geiger and Nuttallf 
is useful This is illustrated in Fig. 16. A spherical glass bulb A is coated 
inside with silver. The active substance in the 
form of a thin film is deposited at B the centre 
of the bulb, at one end of a metal rod It. On 
applying a high potential between A and B. 
the ionisation current between them for any 
pressure inside the bulb can be noted by an 
electroscope. Observations are made at differ¬ 
ent pressures of air in the bulb. The result 
obtained is shown by means of the curves in 
Fig. 17, in which the pressures are plotted along 
the x-axis and the corresponding ionisations 
along the y-axis. It will be seen that the curves 
take a sharp turn at one point, after which they 
are parallel to the x-axis. At low pressures, the 
ionisation increases directly as the pressure.. 
But for a certain critical pressure the ionisation is maximum and does not 
change with further increase of pressure. At this critical pressure, the 
a-particles just stop at the side of the bulb, so that they have pro¬ 
duced the maxinmni ionisation possible before actually touching the 
sides of the bulb. The radius of the bulb then gives the range at the 

Philipp, Zs, f. Phys, 52, 759,1929. 

Geiger and Npittall, Mag.j 22, 618,1911; 28, 445, 1912. 
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critical pressure. Since the range is inversely proportional to pre.ssure, 



0 8 1« 24 22 40 4 8 OU 

Presuiro 

Fig. 17. 

the range at N. T. P. can also be deduced from that at tlie critical pressures 

Geiger’s Method. K 

This original method of Geiger and | J| 

Nuttall (1912) has been mod ified by Geiger’*' ^— .. . . 

(1921) so as to obtain greater accuracy in y 

the determination of the range. The - ^^ 

principle of the method can be under- 

stood from Pig. 18. /^/ 

W 

R, R.. .is the plate on which the active U _ ^ B| |L^ 

matter is deposited. The latter is ==p— 

wrapped up in a thin film of mica ^ ^ 

so as to prevent the escape of any 
active gas from it. 

Z 2 . ..is the lower cliamber, 

Zi ...is the upper cham,ber which on- 

closes an electroscope M. V , ^ 

AB ...is the metal plate which separates ^ ..... 

Zj from Z ;. It is perforated at is. a»i^ ap, 

* Geiger, &./■. P%s., 8 , 46, 1921. - ■ 

J- 19 


Mg. IS. Gftlger’s Apparatus. 
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riglit; angles to its plane by boring about 500 boles each 15 mm. 
long and 3 mm, in diameter. 

CD ...is the lower face of AB. It is covered by means of a thin 
sheet of mica so that Zi and Z 2 can be separately exhausted. 

A pressure of about 3 to 6 nun, is maintained in Z 1 , a-rays from the 
source pass through the boles and ionise the gas in Z], the amount of 
ionisation being recorded by the electroscope. The ionisation in Zi is 
observed for different pressures in Z 2 . 

At very low pressures, the a-particles lose very little energy in passing 
from the source to AB, hence the main part of their tracks lies in Zi where 
they produce very strong ionisation. On increasing the pressure in Z 2 , the 
residual track of a-rays, as well as the ionisation inZi gradually dimini¬ 
shes. So by this means the end part of the ionisation curve (Fig. 13) can 
be very accurately studied. At a critical pressure of air in Z 2 , the a-parti¬ 
cles are just stopped at AB, so that the ionisation produced in Zi is almost 
zero. The distance between AB and RR gives the range of the a-particles 
at this pressure. 


Table 5,—Bange of a-particles. 


Radioactive element 

Kange 
in em. 
at 1500 
R 

Velocity in 
cm. per sec. 

V ~ 

Velocity in 
cm./sec. 
calculated 
by Briggs. 

Energy in 
(iilectron- 
volts. 

Uranium I . . . 

273 

1-401 X 109 

1-391 X 108 

4-049 X 106 

Uranium IJ . 

3‘28 

1-495 

1*492 

4-626 

Ionium .... 

3194 

1-479 

1-479 

4*545 

Radium .... 

3-389 

T6n 

1-511 

4*744 

Radon .... 

4-122 

1-618 

r6i8 

5*441 

Radium A , . . 

4-722 

1-695 

1*695 

5-972 

Radium C' . . 

6'971 

T922 

1*922 

7-683 

Radium P . . 

3-925 

1*590 

1-590 

5-253 

Protactinium 

3*673 

1-562 

1-553 

5*013 

Radioactinium 

4-676 

1-683 

1-688 

5‘923 

Actinium X . 

4-369 

1-645 

1-650 

5*(.)59 

Ac tin on.... 

5-789 

1-807 

1-810 

6*819 

Actinium A . 

1 6-584 

1-886 

1-887 

7*41)5 

Actinium C . 

5*511 

1-777 

1-783 

6*610 

Thorium 

2-90 

1-435 

1-437 

4*231 

Racliothorium. 

4-019 

1-600 

1-604 

5*B47 

Thorium X . . 

4*354 

1-643 

1-648 

5646 

Thoron .... 

5-063 

1-728 

1-733 

6*244 

Thorium A . . . 

5-683 

1-796 

1-800 

(>•737 

Thorium C . . . 

4*787 

1-696 

1-701 

6-015 

Thorium C' . 

8*617 

2-063 

2-052 

8*761 


By using this method Geiger has determined and re-examincMl the 
range of a-parfcicles from many elements of the radioactive series. A ihill 
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list of his (letemiiniifcioiis is given in Table 5, Tlie method failed only in 
the cases of UI and UII which are very weak sources of a-rays. 

The range of a-particles from UI 4ind UII have recently been deter¬ 
mined by Laurence*** by using Blackett’s cloud-chamber method with 
minor modiiieations. The results of the determination of Geiger, Laurence 
and others have been compiled in Table 5. It gives the ranges for all 
the radioiurtive elements belonging to the three series. Tlie ranges observed 
are given in column 2. The velocity of a-rays calculated by using the 
G(uger fornrula (B) is shown in column B. Tlie velocities directly deter¬ 
mined by Briggsf for the a-rays of known W/M. from cliiferent substances 
are also given in column 4 for comparison. Oolunui 5 gives the energies 
of a-rays ealculatecl from formula (1, 9) expressed in electron-volts. 

73. Relation between Velocity of Emission of a-rays and 
Life of Radioactive Atoms.—It was early observed that there 
seemed to exist some inti¬ 
mate relationship between 
the velocity with which 

a-particles are expelled in 
a radioactive disintegration, 
and the life of the atom 
which by its disintegration 
emits the a-rays. Tlius 

Radium (y, which is an ex¬ 
tremely shortlived pirodiict, 
emits a-rays of high velocity 
(and therefore of large range 
rix,, ()*97 cm.) while U wliicli 
is an extremely longlivcd 
product emits a-rays of much 
smaller velocity (the range 
—273cm). Thc5 data regard¬ 
ing the range of a-particles, 
and I, the radioactive dis¬ 
integration constant, were 

first collected by Q-eiger and .Nnttall^T, and log % was plotted against 
log R (vide Kg. 19). It was found that the products belonging to any 


*** Laurence, Phil Mag., §, 1027, 1928. 
t Briggs, Proe^ Roy, me., A, IIB, 549, 1928, 
t Greiger and Nuttall, Thil Mag., 22, 613,1911: 23,439, 1912. 
Geiger, /I 45, 192L 
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radioactive series very nearly fell on one straight line. Swiniie*" has 
shown that the relation can be approximately expressed by a formula 
of the type 

logK = a+bE .. (14) 

where E^emxgy of the a-particle. 

The relation is however only approximately true. Applying the 
formula Jacobsen and Barton found that RaC' should have a life of 
order 10"® sec., while the actual life was experimentally found to be 
of the order 10"*^ sec. 

In recent years, the Geiger-Nuttall relationship has been made 
the starting point of very interesting speculations regarding the 
origin of radioactive transformations from a wave-mechanical point of 
view. This subject will be taken up in the chapter on Nuclear Physics. 


74, Path of a Particle Under a Central Force.—A rticle 75 
dealing with the large angle scattering of a-particles will not be intelligible 
to the general student unless he has a clear knowledge of the path of a 
particle moving under a central force. The student can obtain this know¬ 
ledge by consulting any book on dynamics, but for the sake of ready 
reference, the whole theory is worked out in these notes. 

Let denote the mass of the particle and r, B (Fig. 20) denote its 
polar coordinates. The equations of motion are given by 



} . 

The terms on the left hand side represent 
mass X radial and cross-radial accelerations. The 
second terms are put equal to zero, because the force 
is central. We have therefore 

r2^ = constant = A ....... (16) 


This is Kepler’s second law of planetary motion. 

To fnd out the form of the orbit, we should eliminate t from (15) with 
the aid of (16). We have 

whereM=i.(16') 

With the aid of this relation, it can be proved that 



^ Swinne, Pkys. 18, 14,1912. 


d^u 

da^ 
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_r02 == 

A^-ain A=pp,' where ;^)=i)erpeiidiculiir distance from the origin on 
the din^c'-tioii of projection. We have 

.<'« 

Substituting these expressions in (15), we obtain 


F 


Now when the force varices inversely as the s<iuare of the distance 
we can put 

F^yi miF 

where p = force per unit mass. It is positive when th© force is repulsive, 
negative when it is attractive. 

The equation can tlien be written as 

— ... (Force repulsive) .... (19A) 


rr • (Forceattractive) 


. (19B) 


Wo shall first take the case of attractive forces. We have then, 
multiplying (19B), by du and integrating 

. 

or from (17), 

«* 


I ni - 


I BmA^ .(21) 


This is the law of conservation of energy, for | is the kinetic 
energy at any point, and — p 7}iu «» — yunlr is th© potential energy at; 
the distance r. The theorem merely states that the sum of the potential and 
kinetic energies remains constant during motion. 

Now to find out the orbit, w© can write equation (20) in the form 


■s/s + ^.i> 
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Integrating, wo obtain 




H- eonsL 


ov ti, ^ ^ ^ [i^A^. eon id a) . , . (22) 

The equation to a conic section is of the form 

14-0 cos e / 0 Q^ 

^ -- j .. (m) 

when referred to its focus. 

Hence comparing wo find that the orbit is a conic section with the 
following characteristics 

- A, 


whero tho plus sign refers to a hyperbola, the minus sign to an ellipse, 
a *= CO denotes a parabola. Wo have 


^ ^ 

The equation of conservation of energy therefore becomes 


^ 2 \i2l » ^ 


Henco the orbit is ellipse, parabola or hyperbola according as 

.< < is 

^ r 

Thus from the initial velocity of projection and initial distance, we 
obtain a. The latus rectum is given by ==. Thus tho orbit is com¬ 
pletely defined. 

RlSPULSIVIC Foroj5. 


In tills case, tlie equation of motion is 
(iHi , 

Tho equation (20) now takes tho fonn 
(duY „ 2 
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or 


n « cos H- a) - 1J. 


(25) 


whoro I «=• B /2 « <j 2 _ 1 boforo, or ^ 

Tho equation of onorgy ia now 

^ — 2 yixt H- 

or i »wv8 + => i /?»a2 = - .... (20) 

V u ct 

liquation (26) roprcBonts tho branch of a hyporbola with tl»G oontro of 
force ao tho outer foous» For 

ocQs $ 1 >0, e> I and cos 0 > - 

c 


or 


$ lies belween :h cos^ ^ 


&)• 


The constants of the hyporbola can bo easily dotormiiiocl Lot Kbo 
tho velocity at inliuity, ie,) when 
r «» CO, Then from (26), wo have 

imn 

tliorefoi'G, a ==» ~- 

K * 

It is therefore clear tliat if a par¬ 
ticle P is projected (Fig. 21) with 
tho velocity F from infinity towards 
a centre of ropulsiou 8, along tho 
lino PO, tlion it will doscribe tho 
hyporbola PAP^ to wliioh PO is an 
asymptote, it will ciirvo round and pass on to tho other asymptote OP'. 
Tho constants of the liyporbola are 

a flonii-trails verso axis «• p/ 
b «« 80 mi-con jugate axis SN 

and tho angle of dolloxion cp « as tho particle is doilocted from tho 

lino PO to OP', 
llonco wo have 





a 
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Tlie distance of nearest approach 

SA r= a (1 + see B) ■■ 


2b 


1 + tan q)/d 


(27) 


1 — tan (p/4 * * • • 

Equation (27) makes it (jlenr that for a definito particlo velocity and a 
given field of force, tho distance of nearest approach is a function of cp or 
0 only. For example, wlien 


^ 5= 0, (p Jt, SA « 2a 

$ 5= jt/4, (p ==» (rt/2, SA =» 2‘41a 


Tims as 6 changes from 0 to Jt/2, cp varies from z to 0, and tlie 
distance of nearest approach is minimum (equal to 2a) when (p « jr, that 
is, the collision is end-on. 

We sliall now consider the application of these theorems to tho problem 
in hand. 

75, Scattering of a-Rays—The Structure of the Atom.— 

The a-pai*ticle is a concentrated piu*fcicle of electrified mass possessing 
for its si 52 e enorinous energy, and it was early expeotod that much in¬ 
formation regarding tlie internal structure of atoms would bo afforded 
if they were bombarded by a-particles,and the results could bo pro])erIy 
interpreted. TJiis hope was fulfilled beyond the limits of expectation. 

It was early observed that as a straight pencil of a-rays is passed 
througli matter, it becomes more and more diffuse. Tims Rutherford 
found tliat if particles through a narrow slit wore received on a 
pliotographio plate through an evacuated vessel, the imago of tlie 
slit was sharply defined. If, however, the vessel were filled with air, 
or if thin slieets of metal were placed in the way, the image became 
diffuse. The diflhsivity increased with the increasing thickness of 
the obstacle and with increasing atomic weight. This phenomenon is 
known as seattmng* 

A general explanation of scattering was given by X J. Thomson, 
and gave rise to tho first speculations regarding tho stiHicturo of atoms 
out of positive and negative electiicity. Tlio scattering is cortaiuly 
due to the fact that a^particles are deviated from them straight course 
as they pass through matter. As the particles are charged, the devia¬ 
tion must be due to some electi’ical field. . Tlio atom as a wliolo is 
neutral, and tlujroforo as long as an a-partiolc passes at a sufficient 
distance from the atom, its course sliould remain sti'aight. But tlio 
case will bo otherwise if some of tho a-particles are to pass through 
the inside of atoms, as some of them are sure to do, Thomson sup¬ 
posed tlmt the atom consisted of a positive core having about half or 
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ono-tliinl the rddius nscribod to tho atom, All tlio poBitivo 
eloctricity was supposed to b(^ spread over this spliero, and tho negative 
electricity in tlio form of el(K*-fcrons was 8upi)osed to b(i describing 
orbits a])ont this. 'J^he (?lo(‘.trical licld inside such an atonu at a 
distnnee r, would lui (apial to Zolr^ due to tlio positive clmrge, minus 
tho li(dd diK^ to tlio el(iotrons. As tlic electrons must bo more or loss 
uniformly distributed, their fields would largely cancel each other, or 
amount to only a small frnotion of the hold due to tho positivo core. 
As th(^ (x-particlci passos at a distanco r from tho e(aitro of tho ooro, 
it would bo snbjoot(Kl to tins ropulsivo force, aud dolh‘ot(Kl from 
its straight path, In tins way, Thomson (‘ould account tor small 
angh^ s(jattoring of a-rays. In sonu' casos, tho dolloxion may bo 
hirg(«- owing to snccossivo scattering by a nunibov of atoms, but tho 
chances of sucli scattering is limited to only a small fcustion of 
a-pnrticles. 

But according to this model tho deflecting field oaunevor be larger 
than 2Zoll)^y where h is tho rndiuB of tlio positive core of oloctri- 
ficatioa honco the scattering can never exceed a cortfiin maximum 
valium which, as calculation shows cannot be larger than S'" to 3“ in 
the case of heavy atoms, if wc suppose that 7/ is comparable with 
tho radius of tlio atom. But Qoigor and Marsden made tlio very 
striking observation that the angle of scattering can, iu a small 
number of . cases, bo ns gr<mt as 00** or ovoii higher. They used for 
this ]uirpos(^ tlie scintillation method of observing particles iu which 
oven individual particles can be detected. Tlio number of suoli 
particles is extremely small, vn^y 1 in about 10000 (using a platinum 
radiator), but even tins sjnall number is decisive. The largo dofloxions 
toll us that 1) must be miicli less than lialf or onc-tliird Oy iu fact 
according to BvUliorford, it should be .1.0*’ *‘to lO^^ timcfl the radius 
ascribed to atoms. Tho positivo electricity is thus regarded as con- 
coutvated in n very small volnnie having a radius of the order of 
10”^^ cm. and tlio electrons arc supposed to revolve round the 
nucleus, Tho picture is analogous to tlint of the solar system; tho 
nuolons may bo compared to tlio sun which occupies tho centi’o of! 
tlio system. Tlio electrons may be compared to the planets describ¬ 
ing orbbis, the only difference being that they have all equivalent 
mass and charge. This planetary theory of tho atom was 
suggested by Nagaoka in 1904, but to EuthciJ^ord and his 
co’\^' 0 ^ke ^8 belong the credit of establishing it on siu’G experimoutnl 
foundation, 

F.20, 
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For a proper imderstancliiig of the works of Rutherford, the >stU'- 
doiit must take the trouble of midersfcauding tlie theory of pluuotary 
orbits of which an account has been given in the previous scctioiu 

76. Mathematical Theory of Large Angle Scattering* — 

We may now suppose that the nucleus of positive electricity is re¬ 
presented by S in Fig. 21, and the a-particle is projected from infinity 
along the direction PO, The perpendicular distance SN =« may 
tliGidvary from a certain minimum value, the radius of the 
nucleus to X. 10”^ cm, which is the diameter of the atom. The 
repulsive force is 2Ze^lr^ whereis the positive charge on the 
micleus, The electrons are distiibiited in layers about the nucleus, 
and they will attract the a-partiolc, but as they are distributed 
symmetrically, wo may suppose that these forces largely cancel each 
other. Then the ‘a-particle will be deflected along PAP^, ic., from 
the brancli PO it will be deflected to OP', Applying the results 
of §74, we obtain 

p, « -- —y a « -- 

nta nia 9r 

where = mass of the a-particle, u its velocity of iirojoction, 

The angle of deflection 

(f^'2 .(28) 

ma u 0 

The distance of nearest approach is 

This is mimimnn for end-on collision and is equal to 
The expressions show that the particles having the .smallest 
value of h are most deflected. The upper limit of deflection is given 
by the smallest value of /;, and this can be identified >vith the radius of 
the nucleus. Conversely, if we have some data regarding the largest 
deflection, and the values of JZ, via. and ity we can form an estimate of 
tlie value of the upper limit to the value of 

In an experiment on large angle scattering with Pt, tlio data 
were as follows : 

— = d800X3X10i« e.s. units 
ma 

u = 2X10® cm/sec, for a-pnrticles from RaC, 
e = 477X10"’® e, s. units 






Hciico <p ciinuofc have a lavgo valno 
uiilcHH h is of the order of 
I'lum tho diHtaiiO(! of nearest approacli 

d «= -^^^2 (1+cosec q)/2) 

9Ha. 

== 1'73X:L0-'* (:M-C03cc <p/2) 

All idea of tho ideal scattering 
for diflercut distances of approacli will 
bo found in tlio accompanying diagram 
(Fig 22). 

'[|?hus tlie radius of tlio nucleus comes out to bo about 10“'’ 
times tho atomic radius (10“® cm.) 



flK* I’niliftofthfidtiricolvU 
rrMinrlluIvi], 


77, Experimental Verification of the Nuclear Theory,-— 

'L'liongh relation (28) can be used for a rough verilication of the micloar 
theory, llutherford and his eoworkers planned a number of well- 
thought out ex[ieriinent« for its coinplete test. These experiments 
are described in the following section. Wc give lierc a brief outline 
of the mathematical work underlying theso experiments. 



Lot 0 bo tho scattering nucleus (Fig. 23), ABC tho path of tho 
a-pw’tiolo, h tho distance of tho nuolous from its initial lino of 



156 BIEMEHTaBY RADlOACTtVITY [ IV 

motion; and the angle tlu’ough which the a-pavticle is ddlccted by 
the field of the nucleus. 

For a liomogGiieoiis beam of a-rays and a foil of tlio given 
scattering metal, 9 is a fuiiotiou of b only; in other words, the 
a-partiole, the distance of the initial line of motion of whicli from 
the nucleus is A, will bo deflected through an angle <]p> and tlui 
a-particle whose distjuioe is b+ will be deflected through an angle 
so that the a-parfciclos whose //s lie between h and b+dby 
will be deflected through an angle lying between 9 and cp+^/cp. 

If the scattering foil has the thickness and contains n atoms per 
unit volume, the probability of an a-particle being aimed-so as to pass 
some nucleus at a distance between b and b+dby is 2%bdbnty since a 
unit area of the foil contains nt atomic*targets. This pai’ticle 'will 
naturally bo deflected tlu^ough an angle lying between cp and 
fp+rfep. 

Now, suppose for a nioincnt that a unit sphere is described with 
O as centre. The par tide,s deflected through angles lying between 
<p and (p+dfp fall on an area sin 9 d^ of tlie .sphere. This is equal 

to 4a: dn ^ . cos ♦ Jfp, The oliauco of a particle fulling on unit area 

Ct Li 

of this region will be evidently* 



2n,ntb(lb 


. . fp fp , ‘ 

in stn ^. eos 2 • 

Now 

, (p 2Ze\ 1 

Um i -p- 

2 nia u I) 

or 

jj 2Ze^ 1 

“ mZu^' • ' 2 ' 

or 

9 

nt bdb^wit --^ • 

IIoncG 

2rt nt b dh _ f 2Zo^ U nt 

in sin ^ cos ^^?^p J 4 


The mathematical working of the theory is due to Rutherford {Phik 
669 , 1911 ). 



§78 I hESCRlPTlOI^ OF THE EXPEUIMEJ^TS 15^ 


If, tlKii’oforo, ii small scroou of area A is sot up at a distiinco r 
from O, so as to rc^ccuve parbieloH at an angle the number received 
per second is 



wliorci Q is tlic number of particles falling on the scattering foil 
per second. 

On this theory tlum, it is to be expected, that the number of 
])articIos scattered through an angle (p should be projmrtional to 


(1) cosoc'^ ™ 

(2) thickness of scattering foil, rU 
(B) central charge 


(4) 


[niau 


2 13 


the Experimentst- 


-Thos{j eonclnsions 
P 


78. Description of 

wore vorKied by Geiger 
audMarsdon* in an <ile- 
gant series of experiinoiits 
carried out with the aid of 
the following apparatus. 


}\ . , . a cylindrical metal 
hex. This contains 
tlie following, 

R , , , the source of a-par¬ 
ticles, which ia a 
tiibo flllccl with 
radon. 

F , , , the acattoring foil 
mounted on a 
tube T which is 
kept fixed. The 1 % an ooiffoPAnci 

apparatus can be evacuated throiigli T. 

S ... zinc aiilphido scroou fixed to M, on which a-particles impingo and 
produce soinfcillatioiie, 

M , . , microaoopo for viewing fclio scintillations. 



* Geiger and Marsden, PhiL Mag., 26, 604,1913, 
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A . , ♦ a graduated circular platform fixed to B, 

C . . . an air-tight joint on which AB can bo rotated, while Pfi roinninti 
fixed, 

P . , » ground glass plate closing B, 

By rotating A, S is placed at different angles to the pritnary direction 
of the beam of a-partides. Observations were taken between 
and 150'’. 

Foil of any thickness and material could be placed in place of F. 
Gold, silver and platinum were used, 

Tim results of the experiment are shown in Table 6. 


Table G.—Variaiion of SmUming ivith angle. 


Anglo of 
Scattering 
T 

Cosec^ 

SiLVEli 

Gold 

Number of 
Scintillations 
N 

N 

Num hereof 
Scintillations 
N 

N 

Cosec'J ^ 

a 

00500 *^ ^ 

a 

160’ 

115 

22*2 

19-3 

33-1 

-28-8 

IHf) 

1-38 

27-4 

19'8 

43-0 

31‘2 

J20 

1'79 

83‘0 

18'4 

61*9 

290 

105 

2-63 

47-3 

187 

69-6 

27-6 

75 

7-26 

136 

18-8 

2U 

29-1 

()0 

.60 

320 

20'0 

477 

29-8 

46 

46'6 

989 

21-2 

1436 

30-8 

37'6 

93-7 

1760 

18-8 

3300 

36-3 

30 

223 

6260 

23-6 

7800 

85-0 

22-6 

690 

20300 

29-4 

27300 

39-6 

16 

3446 

105400 

30'6 

132000 

38-4 

30 

223 

6-3 

0-024 

3-1 1 

0-014 

22-6 

690 

16'6 

0-024 

8-4 

0-012 

16 

3446 

93M) 

0-027 

48-2 

0-014 

10 

17330 

608 

0029 

200 

0-0116 

7-6 ■ 

64660 

1710 

0-031 

607 

0-011 

6 

276300 



8320 

0-012 


The second conclusion regarding the valuation of scattering 
with the thickness of the scattering foil was then tested by Geiger and 
Marsden.* In this case a homogeneous source of a-rays was essential. 
For this they used Ra B and Ra 0. The apx^aratiia employed is 
shown in Fig, 26, 




Geiger and Marsdeu, he, ciU 
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A . i . n bniHS-i'ing closod by two fi-loBsplfttos B, (X 

Iv . . , Bonrco of a-viiy.s (Ra B & (J). 

for thoontranco of a-rayfl. It ift 
oloHod by a tliin shoot of mioa. 

D , . , diaphragm, 

S . , diso carry ing the scaitoring foil F, Ik 
can ho rotatotl about its axis, so as to 
expose foils of difreront thioknoss to the 
path of a-rays. 

Vj , . , ZnS screen placed at a fixed angle to 
the incident beam. 



Klg. 95, Vnvindem of dent tail 
wlili iitonilo wetjflil. 


'Idle apparatus Mdis evacuated 'riie 
niiniber of scintillationH per second was 
counted affc(n’ placing the ZnS screen at 
an angle of about 25’ to the direction of 
the incident beam. Observations witli ditrorent niGtcrials show(!d 
that the iiuinbor of a-particles scattered was proportional to tlio 
tliickness of the foil, as long as it was not so thick as to reduce 
substantially the velocity of a-rays on passing through it. 

The variation in the amount of scattering with change of velocity 
of the a-rays was also examined with the same apparatus, To reduce 
tlio velocity, absorbing screens of different thickness was inserted 
between the .source and the opening 0. The Geiger relation ^ali 
Wits employed to calculate the velocity> from tlic observation of range. 
'Idle number of a-pnrticles scattered per second was found to vary 
inversely as the fourth power of tlie velocity. 


79. Chadwick^B Measurement of Nuclear Charge* —!lfor 
all the above {experiments relative measuroineuts wore quite suflicieut. 
Hut for finding out Z, the unclear charge, it is necessary to make 
ubH(dute im‘nsiir(‘niontH, /.tf., taking any element, the numbor of 
a-i)artkd(^H S{ditt(5red on a definite surface through a known angle has 
ti» b<^ coiuit(nl) and eonipartid witli tlu^ total number of a-particlo 
emutted dircclly from tlu^ Hourc(i (vide equation BO), This was done by 
(}(vig()r and Marsdem {Inn, nit,) u.sing thin foils of .An, Sn, Ag, On, Al, 
(J. Tim niimlxu’ of a-jiartich^s Q omitted was obtained by measuring 
the yA^ixy lu^tivity i>f tlu^ source. The other cpiaiitity 71 was obtained 
as dos(yrlb(Hl above, and then (BO), gave the value of Z, It was 
found to bo about i the atomic weight, 

All this was done before the mielcftr theory was firmly established. 
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In 1912, Bohr utilised the iiucleftv tlicory to cxphiiii the spectrum 
of liydrogou in particular {vide Chap. VII) and of the other cleinoiitw 
ill goiicraL Since this time, the soundness of the nuclear theory of tlu? 
structure of the atom lias been so thoroughly established, as a re.sult 
of many converging lines of evidence, that it is now regarded as the 
cornerstone of now phy.sics, and .starting point for further investiga¬ 
tions* Van der Brook* was tiic first to suggest that Z is exactly e(iual 
to the atomic number, the number expressing the serial position of 
the element iu the periodic classification. Tims H has the atomic 
number 1, Ho lias 2, Na 11, and An 79. The suggcHtion was 
brilliantly verified by Mosley^s classical work on tlie measnreni(mt 
of the wavelength of the K-s erics of X-ray character is tic line.s of 
elements (sec Chap. XI). In 1920, Chadwickf showed that the 
atomic number can be directly determined from .scattering expori- 
nieuts, by improving the earlier mctliods. 

Improvement was olfected in the two following respects \— 

(1) Increasing the fraction of scattered rays relative to tlio 

number incident. 

(2) Measuring tlio scattered and incident beam• on the sainc 

screen under the same coiidition.s. 

The apparatus used is .showJi in outline in Fig, 2() and in full in 
Fig. 27. The scattering foil AA is iu the form of an annular ring, K 



Ki«. an. 

is the source of a-rays, and S the ZnS screen, so placed that 
D is a diaphragm and L is a thick lead screen which can be used to 
cut off completely the direct beam RS from the screen, or can be 
removed to allow direct beam to fall on it. This enables Q to bo 

Van dor Brock, Phys. Zs.j 14, 32, 1013, 
t Chadwick, Phil.Mh(jf», 40, 734,1920, 
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counted on tlvo aaino screen in the naiinl way. Let (pi, and tps be 
the .solid anj'b'.s aubtonded by tlie inner and the outer (‘dges respec- 



37. ChftUwlok’B A|>parAiiiH foi*detorml«hiK Oia miok'iiv elinvge. 


lively of the foil to R. The solid angle subtended by an elementary 
annular ring at R. 

= 2 ^sm|-d(|). 

Assuming (3=uiunbcr of a-particles emitted by the source per 
second the number falling on the elementary ring 


■J-O • 9 7 (^\ 

2 <3 sm ^ d 


The number scattered per unit area of the screen S placed normally 
to RS, 

,8 


T 1 (VWfr . (p 
81 . 1 ,^ d (2 cosec' Y 


Integrating this between the limits y > ^ number 

.scattorecl on (ho annulnv ring AA is 

92/2 

Qnin^ f a 9 , /'9'i 
-YX-; cosec gdy 

9i/2 


Onto, 


IQr 
where a 


^ hi tan ^^*0 Y+cot 


9i 9i ^92 
Yoosec - cotY cosec 




2 Ze^ 

ma.U^ 


F. 21 
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per unit area of the screen. The number falling directly per hoc. 
X)or unit area on the screen is where /—distance between tlu^ 

source and tlie screen. 

Tlius the quantity a, and hence Z can be calculated, ( 'hadwich 
calculated the nuclear charges for copper, silver and platinum as 
2[)‘3e, 46‘3e and 77*4.0 respectively, and claimed his results to be? 
accurate within 1 to 2%. Tliis proves directly tliat the nuclear 
charge of the elements is nunierically equal to their atomic niunbci’. 

80. Validity of the Inverse Square Law.—According to 
Rutherford^s theory of a-ray scuttering, the amount of S(?atteri,ng 
in a given direction varies inversely as the fourth power of th(? 
velocity of the a-particles, provided the law of inverse .scpiure was 
correct for all distances, Since'it could now be nssuined that Z is 
exactly equal to Chadwick showed that his experiment could be 
utilised to find out wliether the inverse square law of force was true 
for all distances of approach to the nuclcu.s. He used the apparatn.s 
employed in his nuclear charge detcrinination. .By using Pt as the 
scattering material and tlircc difiPerent velocities of a-ruys luj found 
the law of inverse square* to bo true within a distanc(3 of ajq>roa<4i 
from the nucleus cm. 

The experiment was repeated with greater precisioJi by Ruther¬ 
ford and Chadwick* (1926) using the same annular ring-method as 
in OhadwiclPs experiment. . For gold, platinum, silver and copper- 
foils wliioh they examined, the laws of inverse square of force Avas 
found to hold accurately within a distance d—6X10"* cm. 

It should however be emphasized that on account of large value 
of ^ it is difficult, to approach with a-partides at our disposal, to a 
sufficiently small distance of the nucleus. Ror with a straight (‘olli- 

sion .the particles turned back in the same dire<*4ion 

from Avliich they AVero projected) Avo have tlic minimum value 


With a-partioles having v/-«»2X10^ cm,/sec. Avliich are almost tin? 
SAviftost a-particles at oiir disposal, avo obt-ain the following values of 


u 

%^d2 

=^16‘6. 

10 -'»om. 

Cu 

20 

> : 5. 

10 “ '“ oiu. 

Mg 

12 

. a 

'10-'“ cm. 

Ho 

2 

0’.34, 

If)-in cm. 


* Rutherford and Chadwick^ Phil, Mar/, 60, 889, 1925, 






Mp. U. ljin'i)Hin«'H of inodJIJiHl itiiil niMuoilitU'^l \u <'»onvi**n 

MiU'l( ilii' lo ih«' 

liihniHUy{jriiioi]Hlt‘iHliii> fnitii A^, rui 

{;i. axo 


t f. lii:i 









};81 1 THK PJtOPh'liflKS OF |i AND y-KAVS l(ja 

tlcnwi tho rcgitiu uoar tlio vicinity of nuclei of heavy particles 
cannot be cxjjkmul by a-particlos. Wo must look to light particles 

like Mg, .41.whore closer nuclear distance can be approached. 

Til such cases, ■ con.sidcmblc deviation from the inverse square, law 
has been foiiiid (see chapter on Niu-lenr Phy.si(:>i). 


81. The Properties of p and yTayS"—The physical nature 
of the p and y-vnya has already been dl.scu.ssed in the beginning of 
tbi.4 chiiptor. 'Die p-ray.s from radioactive bodies are negatively 
charged pavticlc.s moving with very high velocity ranging between 
“hie to 'f)8c. Their ejm has been determined by KaUftnami and 
Buchercr (IT, §§ fa8, 29), and they have been identified: with the 
olcclroii.s. Tho ji-rays can produce ionisation and are absorbed by 
matter, but tlicy can penetrate a greater thickness of matter than 
the a-rays. Like a-rays, the P-rays also are scattered by atomic 
nuclei; in fact, on account of much. smaller mass of the P-rays, the 
scattering takes place much more readily in their passage tlu’oiigh 
matter, tlian in the case of a-rays. The. quantitative investigation 
of absorption and scattering is liowever complicated by mutual inter- 
forcncc of the two phenomena, so tliat it is difficult to decide whether 
the p-rays possess a definite range like the a-rays, or not. A typical 
appearance of the Wilson’s cloud-chamber photograph of the p-ray 
tracks from Ra I) in air is shown in Plato III, Fig. 28. It will be seen 


tliat the P-particlo follows a zig-zag com-ae on account of constant 
dollcxion of its patli duo to soatterhig. It should also be noticed that 
the tracks are not continuous, ns in the case of a-raj'S; This is due to 
the weaker iouisation produced by the p-rays. .This stereoscopic pair 
of photographs has been obtained by Petrova^.’ a co-workei’ of Meitner; 

Early worlcs on tho scattering of P-particles were performed by 
Crowtlier* and Schonlnndt, The exiiorinieiit was found diflfioult for 
.several reasons) such as—-(l) inhomogenoity of p-rays, (2) occurrence 
of imiltiplo scattering, (3) inefliciency of scintillation raediod of 
obsorvatiou, and (4) tlio unavoidable presence of the source 

of P-rays. The. theory of p-ray scateing was developed by 
J, il. Thomson and Rutherford. Much later works, both theoretical 
and experimental have since been done on the subject by Schon)and§, 


* evowthor, Piw. Ji’oif. 6 ’oa A 94^ 22p, 19)0. . _ Koa- itoo' 

4 Ci'owther and Sebohland, Prw, Rofp Soo. A, 100, 526, 192.., - 

t Petrova, /: 66, 621,1920, ^ 

5 Schonlnnd, Frne, Jimj. Soo- A, 101, . 299^ 1022, 148 , .9/-> 
119, 67.S, 1928. 


1926; 
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Q-eigor and Bothe,* * * § Cliadwiok and Meroier'K Botho$, Wenti5el§, 
Mottll and others. For a summary of these works see Rutherford, 
Chadwick and Ellis^ Undialions from Radionetiiia Substances (IfldO), 
Chap. VIII. 

The Y-rays, as already has been stated, arc very short olcctro- 
magnetic waves, shorter than the X-ray waves. Tlicy possess the 
special property of ejecting p-mys from matter on which they fall. 
The velocity with which these secondary p-rays are emitted depend 
upon the wavelength of the exciting Y“i'ays. On this principle, the 
wavelengths of y-ws have been determined from the measurement 
of the velocity of the secondary p-rays, and have been found to bo of 
the order of 10" ‘® cm. The actual method will be given later in tho 
chapter on Nuclear Stmcttire. 

The production of secondary P-rays by the y-rays is remarkably 
shown in Fig. 28a, plate III, which is a Wilson cloud-chamber‘photo¬ 
graph of y-ray tracks from Rn C in air under a magnetic Held of 1080 
gauss, obtained by Skobelzyn. Tho curvature of the tracks is due to 
the magnetic field. When y-rays pa8.s through air, they ej(!Ot eloctvon.s 
from tho air molecules. The paths of the electrons are I’emhuad 
visible by means of the ions which they produce in air. 

We shall now conclude this chapter with an account of some 
other physical effects produced by the radioactive radiations. 

82. Evolution of Heat by Radioactive Substances.—It was 

noticed by the early exircrimenters that all radioactive Hubstauoo.s 
having tolerably long life go on evolving heat at a nniform rate. This 
continuous evolution of heat, without any provocating agent appear¬ 
ed to be a great puzzle, and in some quai’tors it was held that the 
phenomenon was a dFect violation of tho first law of thermodynamics, 
i.e., energy ^oas hdng e-reatecl out of nothing. Experimonts however 
showed that tho ovolntion of heat was duo to the sto))])age of a; P and 
y-rays by radioactive matter, and in fact the lieat evolved per’ .second 
was found to be exactly equal to the energy of «, P, y-rays stopped by 
matter. So it became oloar that no violation of the first law was 
involved in this proces.s. 


* Geiger and Bothe, Zs. f Phys., 6 , 204, 1931. 

f Chadwick and Merciev, Phil. Mag., 60, 208, 1926. 

t Bothe, Zs. (. Phys., 13,366,1933. 

§ Wentzol, Ann. d. Pkus,, 69, 336,1932. 

II MotV P'Oo. Boy. Soo, A, 124, 426, 1929. 
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Uiitlu!vrord All (I ItArnna* OinVi'onllAl OalovImAicr. 


^riio rut(i of (ivolution of Ik‘ at by radi<)iujtiv<\ niattca’ was iuvoHti*- 
by nuiuy obsta-vors iiududin^’ Gurus Phs(^1u>ii, Pr(‘(‘ht, Poolo and 
Dowais But to UluHtrato tho iuv(?atiKatuni it would huIIkm' to doH- 
cvibo tlin apparatus us(;d by Rutluirford and Bariu^s’^. 

Ah shown in 12!), 
llutlicrford and .Barnos^ 
apparatus was a diffbr- 
ential caloriinotov con¬ 
sisting; of two fflass- 
flasks G, G inunorscd 
in a water batln The 
two are connected by a 
manometer containing; 
xylol "Pwo test tubes 
P, P are inserted in tln^ 
flasks and the i^adioactive 
lorcparation B is phuuKl inside one of tlu^scs Ah tlio preparation 
evolves heat, the air within tlu? walls of G expands and raises the 
proasuve in the limb of tlu^ manometer neanjst it The rate of increase 
of pressure is noted, and then tluj rndioaettive ])roparation is taken out 
Next a small heating; coil is pliua^l inside P, and is lieatcd by moans 
of regulated ciivrent so tliat tlu^ rat(^ of increase of pressure in tlu? 
manometer beconH‘S absolutely the smiie as before, T\m heat supply 
to the (mil may bo easily obhiiucd by iiuiasuring tho current and the 
voltage I and this mnst Ixi (siuivalent to th<^ rate at which heat is 
evolved by tho radioactive body, 

A modi(i<‘a(ion of this apparatus was devised by Angstromt and 

used by von Hchweidhu' 

I 


and llosst 'Phis is 
shown in b'ig, 30, Tn this 
the flasks wore replaced 
by two metallic calori¬ 
meters K, K which arc 
absolutely identical in 



^—^ 2 ^ 


rjgtfiO, ingUron>*ii Com|)ani«Uon CAlorltn0(«r, 


fiisio, Tho ono contains 
tlic active propiu’ation 
P, the other oontalne a 


* E, Ruthoi'ford and H. T. Bariioa, Phil Mag,, 1, 302, 1004. 


+ K. Angflti'oni. Phm. Zs,, 0, 685, 1906, 
t E. Y. Sclwoidlor and V. F. Hess, Wii 


Wiener &r., 117,870, 1908, 
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heating coil H heated by regulated cuiTont ironi u biittory B. T is 
a tlicrjnocou])Io connected to a galvanoiiieter with (»icli of its two 
junctions placed inside a hollow space in the two calorimeters. The 
heating is so rogiihited that the galvanometer shows no dcllootioii. 
Tlie lioat evolved by the coil is therefore equal to the heat 
evolved by the radioactive body. The iipi)aratus is however slow in 
action on account of the heaviness of tlie calorimeters. 

The Heat evolved by RAPiujst and its 
DECO jn?osiTxoN Products. 

A direct measurement of the evolution of heat by radium in 
equilibrium with radon and sliortlived products was made by Moyer 
and Hess* * * § . The experimental conditions were such that the a and p 
rays were completely absorbed and .18% of the y-vays wore absorbed 
by the calorimeter (calculated fi\)iu the dimensions of the calorimeter 
and the absorption coefficient of y-rays). The rate of evolution of 
heat was found to be 132 cal. ])er gin. of radium in equilibrium 
(•ombiiiation with its product per hour. 

Tins does not t(3ll us anything about the projmrtioiis cnntiTbuted 
by the different rays. This was first attem]3tod by Eve,t and 
by Moseley and Robinsou.J They determined the total ionisation 
produced by the three kinds of rays separtttely» and assumed these to 
bo proportidnal to the energy content of the different rays. O'lie 
assumption is however rather uncertain. 

Ellis and W‘ooster§ determined .separately the heat evolved by 
y-rays according to a special method. They used a cylindrical 
calorimeter vessel of which one sector consisted of Al and the other 
of Pb. Both the sectors had equal outer dimensions and licat oai)a- 
cities, the Ra Em preparation was placed in the axis of the calorinio- 
ter sniToiinded by a copper tube which absorbed completely the a 
and [3 rays. The heat emitted by this tube warmed the two s(jctors 
equally so that the difference of temperature observed between the 
two sectors was.caused by the gi‘eater absorption of-y-i^ays in lead. 
In this way if detomined that the energy of yAviys emitted by a 

* Si Mwer and V, F. Hess, Wiene)* Pen, 121, 603, J912. ... 

f A. S. Eve, Phil Mag.. 27^ 394, 1914 

T G. H J. Moseley and H. Robinspu, PML Mag*^ 28^ 327, 1914 

§ 0. D., Ellig, and W. A, Wooster, Bw, Gdmb': PJmL' Soc,, >22, 595, 
1925; 60, 521, 1926. ' ■ ' • ■ ^ : • 
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gni. ol'Ku (ill (uiiiililmum cnnibinatinii with, its prodiKits) aiuonntH to 
87 pnr hour* 'Plu^ amount of dm to tlio rays IVoni the* 

diflorcut i)ro(luots wus oi)s(‘rv(?(l by M(‘y(M’ and by usin^ Un 

frood from its dooompositioii iinshuds, as wall us from tlioso of Ha 
Km in (‘qnilibrium wiih its shortlived products. TIu’ uinouiit of 
lieut evolvcal was dotmmiiiied from time to timi‘ and was fouiul to 
increaso steadily from‘25 (‘til. bi 114 <?aL p(‘r lujuriifba* a lon/.v tinu\ 
An extrapolation to / - lO five's the* aiunuut (wolvod by Ua alone. 
h\ir details ori/rinal j)ap(‘rs* must be* (‘onsnlted* Tlu^ n;sul(s ww. 
shown in 'l^ible 7. 


Tahh Tr-'Uval (Tolulion thw io a, (h ot vni ppv hour. 
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We shall now hIiow that the experimental (Igures are in agree¬ 
ment with the (Miergy of dlllbrent rays theoretioally ealeulated* 
When an a-partiole of mass in and velocity r, is omitted by an atom 
of mass M and vcdocity tinm tlie back moinentiim iinpartod to tlie 
atom is given by the law 

niv^ MV^ 

HO that the ainoimt of eiun^gy which becomes free in this |>rocesH is 
given by the formula 

Ki ^ i [mv'^ + MV'^) i viv^ ( I + '^) 

Ueeimtiy a new method for aunisuriag a very small amount of liwil: 
evolnliioii has been given by Ortiuimim \Zh. j\ Phyn. 00, 137» 1930). 
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Let Q =: number of a-particles omitted per sec, by 1 ^vin. of Ea, 
Then the amount of heat evolved per hour is given by 

Ttr 1800 Qmv^ ( ^ y m \ 

^ r+lTj 

Putting the values of v in the case of Ea and its difFcront productn 
from Table 5, and putting 3T)X10^® wo obtain the figures sliown 
in column 8 of Table 7» 

The energies obtained in this way arc somewhat sinallor than tlio 
observed values, and Entlierford andEobinson believed that the differ¬ 
ence is larger than the experimental error, and that the radioactive 
bodies evolve heat in certain other forms still undisoovercKh Hess and 
Lawson arc of opinion that Rutherford'^s value of Q was too small. 

Tlie amount of energy due to the stoppage of P and 
exceedingly small compared to that of a-rays, but they have given 
^^cry interesting informations regarding the number and origin of 
these rays. They will be treated in the chapter on Nndear P/njaies, 

83, Age of Minerals from Radioactive Data,—!l?ho origin 
and ago of the Earth has excited speculations among philosophers 
in all ages. According to the nebular hypothesis of Kant and 
Laplace, tho Earth and the other planets had separated at some distant 
epocli fi’om the centol nebular mass which later condensed into tho 
Sun,* In process of time, these detached masses underwent rapid 
cooling and became condensed as liquid witli a solid crust on the 
surface, According to certain indirect evidences the inside of the 
earth consists of a fluid magma mostly composed of molten iron in 
wliich tho other elements cither in elementary or compound forin arc 
dissolved. When the surface cooled, some of these materials 
separated like slags out of molten iron in the smithy, and foiuncd tlic 
solid lithosphere to a deptli which has been estimated viuiously at 
100 to 200 kilometers. lu process of time, as tho surface cooled 
down still further, life appeared on the eartli and gradually underwent 
tho different stages of evolutions studied by the Paleontologists. It 
is a favourite problem witli tlie scientists of diffei*ent classes to find out 
the epoch at which the formation of earth^s crust stai’ted. Tlxe 
geologists were the first in the field, attacking the problem mainly 
from the records of plant and animal life left on different roolcs. 

* For modern theories of tlie origin of the solar system, see JofiVeys, 

lih^gehnisse^ d, exaktm Naiurwiss^ 7, h ' 
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They tluiw (lividcKl the rodcs into a niiinbor of pjroups in order of 
the i\g{\ The earliest rooks were oulled axoin ns tiusy showed no 
traces of Tho next siiin])l(? was oulled protoxoin^ ns Hf(^ appeared 
iti them in (jxtrenidy sitnph^ form (p.rotoj^oa)» TIksh piissiiiii: 
tlu•o^l^^ll the mrsoxoin apje when reiitilos Uoiirished, the presout ujjjo 
{lininoxofxi) reached wlnm maininals and ultimately man liavo 
appear(’,d on the oavtlu ICaoh of these (i])och8 is further subdivided 
into a nuinb(!r of sub-tspochs shown in '^Pable 8, Ifor a eoinplete 
knowledge of tlur ^^rou]>s, a. standard book on fHioology must be 
consulted. 

fjord Kelvin attacd^ed tln^ problem from a purely i)hy8ical point 
of view. It was observc'd that tlie temperature of the ICarth^s 
interior inereases with depth at th(% rate* of about per 100 
metr(»s, If this rate of iii(n’<;ns(} continues, ultimately a depth will ho 
ronehed when the ttauporature will b(^ ,so ^ijreat that all substances are 
in the moUoii state. This he assumod to ho SOOO^O. He next observed 
oxporimontally the mean conductivity of the rocks, that is to say, tlie 
rate at which heat is ilowiuij: by conduction from the interior to the 
outside. Next lie pictur(Kl to himsolf the following' niathojuatical 
problem, fjct us suppose that initially the tomi)oratitro of the crust 
was 3000'’C, and it was allowed to cool by loss of licat Wliat time 
would elapse before tlio surface wtnild bo cooled to the present tom- 
poratnro and tlio rate of flux of heat would equal the observed rate ? 
Solving this problcmt ho foiiiul a figure of about 100 million years, 
which was considered by the geologists to be liopelossly low. 

It is now recoginsed that ther(^ was one groat (law in Lord 
Kolvin^s assumptions. He believed that tli(i only soiirc(^ of heat was 
the liigh temperature in the inside of tlm eartln Liit the discovery 
of radioactivity sliowed that in addition to tins source, wo have 
another, namely, tlio heat (wolved by rudiou(div(» bodies eoutained 
in minerals as discussed in §8!i. 

To obtain a in'ccisci estimate of this quantity, an analysis was 
nndGrtaken of the amount of U and Th eontainod in tlie roc^ks found 
in the dilferont geological (q)O(diiH. It was found that if it were 
assumed that the <5oro of the earth contained 3'nclioactive matters U 
or Th to tliG same extent as the rocks, the amount of heat evolved 
would be much larger than what was needed for compensating the 

* K. Kaysor, Lehrhwh ikr (kohffW, p. 60. 

t See Text Book of Ikal^ Salia ami Srivaafcava, p, B81, 

Ft 2? 
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energy leas by cooling. This can bo seen from the following 
conaklerations.* 

Lot Q ~ the amount of heat lost per sec. by cooling, K — coiuluctivity 
oE oarfcli^s crusi^ and r = radius of the earth. Then 

Q - to.. K. 

where denotes the temperature gradient along the doptli of the earth's 

crust. From actual observations it has been found that IC <= '001 cal/om.z 
sec., (^O/do) == 3’2 X 10-grad/cm, Also djtrz =^6*1 x 10^^ cm 2 . Hence 
Q ^ 6 . 10^2 cal/sec. Since the amount of heat evolved by 1 gm, of U 
is 2*5 X 10" ® cal/sec., the rate of earbh^s cooling can be compensated by 

2ff X^^lO" ^ ^ Supposing TJ occurs throiigliout the 

earth's volume in the same proportion as in the rocks, the total amount of XT 
contained in the earth would be 3*6 X lO^z gm. which is thus 150 times greater 
than tlie amount required for compensation, Similarly tlie amount of Th 
calculated in the above way is 130 times greater than the required amount. 

The belief has therefore grown that tlio interior of tlie Fartli 
contains radioactive matter in much less proportion than the rnekB 
and minerals foiuning tho cartli^s crust. 

The age of the iniuerals, that is tho time which has elapsed 
since tliey wore first deposited in the solid state froin tho fluid 
magma can be estimated in a less objectionable way, from tho 
helium and the lead contents of the rocks. It was early noticed that 
many geologically old minerals rich in radioactive substances TJ riud 
Th contained helium in considerable quantities. Most of those 
minerals were very compact in form and dense in structure and 
impervious to water and aii*. It was therefore supposed that over 
since the epoch when these substances separated from the fluid 
magma as solid rooks, the U and Th contained in them have boon 
disintegrating and ultimately' the a-rays emitted during those 
disintegrations have been accumulating as holiuin. So an estimation 
of the liGlium-content would yield a good value for tlie age of the rooks. 

It Avas shown oven in the early days of radioactivity that helium 
Avas present in the gas released on heating a radinni*-salt or dissolving 
it in Avater. Struttf (Lord Rajdeigh II) shoAved how the helium 
content in the original rocks from Avhich tho radioactiAm matter has 
been extracted can yield us an estimate of the age of the rock. To 

After 0. Halm, Ilandbtich der Physiky XXII, p, 292, 
f Strutt) PvQc. Roy. SO 0 . Ay 84, 379, 1911, 
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tiiko one Gxani])lo : the mineral thorianito from Ceylon from which AV. 
Crookes lirst discovered thorium, was found to contain OHX of Th and 
11% of IT, and yielded 81) c.c. of h<3liinn ^»‘as at N. ]\ per gni, of tiu? 
miiierah Now one of IT in equilibrium with its produ<‘ls yields 
1)7 X 10^ a-particlcs per sec, whicli eornnspond to J/IOXIO"^ c* min, 
of He-^as per year, One {»'ui. of Tlx in equilibrium with its'products 
produces 27X10^ a-purtioles which correspond, to BIXIO"^ c» mm. 
of He per year. 

So 1 gm. of the mineral would produce per year 11X*1H-3’1X 
‘68 or B’BXlO’’"* e.mm. of He per year. Continuing at this rate, the 
81) X10 

mineral would require ^-27X10^ years or 270 million 

years to produce tlm quantity of helium actually found in it. Hence 
tlie lowest estimate of the time of deposit of Ceylon-thorianitc is 270 
million years. 

IVo assumptions are involved in the above oalciilationj (1) at 
the time when the mineral was formed, no holiiim was present 
throughout its volume, (2) no helium gas lias escaped from thominornl 
during the time it has been in existence. The second assumption 
may be taken to bo true as long as the mineral is very compact, and 
impervious to air and water, llie first also juay be taken to bo cor¬ 
rect, as the hot Iluid magma from which the mineral separated is not 
likely to hold any gas in solution. 

In the table, on the next ])age, the age of minerals of diircreub 
geological epochs determined uccordiiig to the above method is 
given. The table is due to Lawscni*. 

Anotlier way of calculating the ag(3 of th<3 mineralH is from the 
estimation of their lead-eontouts. It has been explained in §60, 61 
that th(^ end-products of the trunsl:oj‘ination series of both U and 
Th are isotopes of load. 8inc(i tluj amount of haul formed per year 
from any of those elements in equilibrium with its products can bo 
calculated, the age of the inlaeralH can also be calculated from their 
load contents in exactly the same way as in the case of helhun, 
This would giv(j a more reliable estimato of the ago, as it does not 
involve the assumptions juade in the other oaso. The ages calculated 
in this way are shown in column V of the table. 

Recently Lord Ruyloigh II lias found a considerable amount of 
helium to be present in some old specimens of the mineral 

* K. W. Lawson, Naiitnvwmhselta/hUi B, 42i), 452, 1017. 
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S .— Af/e of raclionctive imnerals. 


Goological Epoch Mineral wlicrc 


Age CiVLGlJLATED IN 
MILL ION Y IMiH 

From From 
Iiti-coiif,on(i I^b-(ion fcun \> 


1 ♦ Tertiary or Ka i a o- 
i5oio 

Pleistocene .,. 


Pliocene 


Miocene 

Oligocene 

Eocene 


2. Seconclavy or Mo- 
sozoie 

Cretaceous .,, 


Jurassic 

Triassic 

Newer Palroozoic 
Permian 


Carboniferous 

Devonian 

*J, Protozoio and older 
Palreozoic 

Silurian 

Ordovician 

Cambrian 
Upper pre- 
Middle pre- 

Lowev pre- 
Tertiary (?) 

Middle pre- 
5; Archaean or Azoic 


Zircon Cninpliell Island, 

N. Z, 

Zircon Expailly, Au- 

vorgno 

Si derite Eboin province 

Haematite 


Zircon 


N, E. Tasmania 


Haematite Caen 


Thorianite Ceylon (8.) 
Thovinnite Ceylon (GJ ,., 
Zircon Oslo, Norway.., 


Zircon 
j Sphon 

Isphen 

I Zircon 
ISphen 
Uronite 

rUraiiite 

iUranite 

Zircon 


Norway.., 


Ceylon 

Arendal, Nor¬ 
way 

Tweederstrand, 

Norway 

<)ntario, Canada 
Ontario, Canada 
Spruce, Pino, 
N, Carolina 
Annerod, Nor¬ 
way 

Quebec, Ontario 
Mozambique 
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in 

beryl (coinpOHition AI 2 Xlea (Si OjOjt* Me jinulyncul ii hvjy() number 
of speeinieiis of Ix^ryl obbiined from wubdy (ILstanf loeiilili(^H and 
bclon^in^ to diffiu*(mt f]!j(U)lo^jficul epo(;lm. obH(‘rv(ul tlu'. lav^('Ht 
lle-coiiteiit (77*() ejiiiUH. per ^ni.) lu b(U*yl from p(i^matit(^ on tin* 
BangalorcKKankaiilialU ’Road, Mysore, India, (Toolof^ieul (‘viden(M‘s 
show that this particular Kp(}cinieu bolon^’s to tlu^ basic avclueau 
platform of India, In general, he found that tlui llc-content in 
beryl in rocks of the same ago vary within wide limits, f/., for 
Arcluoau rocks it varies from 77‘(Uo‘01)50 eminis. per gni, But as a 
rule the minerals of any particular age are richer in Htj-contcnb than 
those belonging to the following ages. He ascrilx^s the variation to 
the possibility that beryl deposited in the same ago can lose He 
by varying amounts on aceount of exposures, Ifrom this it apixairs 
plausible that He is contimially generated from beryl throughout 
geological time in a way whicli is not yet clearly understood. It 
could not have been present at any early stage in the history of 
any specimen, Hor, in tliat case the tertiary specimens (youngest) 
wliioh have the least opportunity of losing their coiifcout sliould liave 
been the richest in He compared to the others. 
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CHAPTER V 


THE PHYSICAL PROPERTIES OF LIGHT 

84. Introduction.—It need hardly be emphasized that lij>;ht 
is the chief agency through which impressions of the phenomenal 
world is conveyed to our senses. Through its interaction with 
matter, it gives rise to physical phenomena which fill up the largest 
part of N’atiire^s canvas. It is therefore clear that if we wish to 
understand Nature, we must try to have a correct idea of the physical 
properties of light. 

The task is not ail easy one, as the properties of light can only 
be inferred from the phenomena to which it gives rise tlirougli its 
interaction with matter. The process of study has therefore Ixuui 
both deductive and inductive, and the different thcori(‘.s of liglit 
which have been proposed from time to time hawe undergone rather 
violent changes of fortune in course of time. But tliougli a final 
theory may not be in sight even now, our knowledge of light Inis 
progressed enormously owing to the constant effort to verify, suppli*- 
ment or supersede the e:?dsting theories, and to ertond their siuipc^ of 
explanation to new fields of experience. It is diflicuilt to takt* tlu* 
reader through the innumerable circuitous paths and sidetraekH alcuig 
which knowledge on this subject has developed ; w(^ ratluvr (mnfiiu* 
ourselves to the modest task of presenting only the nalicMit laiuL 
marks. 

85. Physical Properties of Light-Corpuscular Theory 
of Light.—Every student of-Physics is conversant with tlic ((arly 
controversies r^urding the nature of Light. Tlu! earlier 

phers had speculated from the rectilinear proi.)agation that IIkIiI 
consisted m the flight of comiseles. The velocity of light was 
found by Eomer to possess the value of 3X10^ o cm. per sen-, from 
observations of the eclipses of Jupiter^s satellites. A sot of paitioles 
moving with such enormous velocity is expected to exert pressure 
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on material bodices on wlvicli they auiy fall, at the time no 

(‘X|)(:M‘iments eovild be <*aiTi<‘d out to demonstrate this eifect, th(‘ 
ol)sei’\'atioM tliat tlio tails of c»oniets were found always to 1)e turned 
oi)I)osit<‘ to the sun were cited, in favour of tlio existence of the 
|)r(^ssur(‘ of light. 

The laws of refraction seem to have been known to the Arabs, 
but in Eiiroi)e tliey were first made i)iiblic by Descartes wlio derived 
liis kiiowlet;lg(‘ from the works of Hnellius, a [)rofessor in th('- riuiver- 
sity of Leyden. The discovery of this law gave rise to the following 
question : if the velocity of liglit in empty space bo c, what is the 
velocity in a, mediurn having the refractive index n ? It was shown 
that the velocity should be m on the corpusonlar theory of light. 


(A) Corpuscular TiiEORr (B) Wave Theory 

(hair (DAir 



Diagram 1 (A) illustrates the propagation of light on the (sorpiiscular 
theory : (I) is air, (II) is a denser medium. PQ indicates th(M*ny of light 
in nie(liuni (I), QR' in medium (II). If light consists of particles having 
mornentiim f?, the component tangential to the dividing surface ON" v'ill 
hav(i th(‘. sanici value. Hence the normal component must be different. 

Let (ri and (I 2 bo the momenta in the two media. Tlum i)utting 
their tangcvntial (-omponents equal 


G- i sin i 

Therefore, 

U\ 

or, ■ F 2 

if medium (1) is vacuum. 


(?2 

^*2 Wi i 

ea -- ws 

Vi s%nr 

nFI orm . , . 


( 1 ) 
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Diagram 1 (B) illustrates the propagation of light on the wiivivviow. 
PQ is the ray, QQ' is the wave-front in niediuin (1). (iR is tin? ray in 
medium (II), NR is the wave-front in. it. It is clear that Iry the tiiiu‘ tlie 
wave-front traverses the distance in (1), it traverses th(i distainat (^,R 

in (II). Hence if Ui, Pg, are the wave velocities in the two media, 

^ =- — J. 

TJ\ Q'N sin i n 


if (I) is vacuum. 

The Wave-theort op Light 

The wave theory of light was fir-st expressed in a d(dlnit<‘. form 
by Ch. Huygens in 1678, to account primarily for the ])lieiiomciU)n 
of double refraction. According to this theory, the velocity of light 
in a refractive medium is ejn and this fact is in sharp contra-di.stiiic- 
tion to the result obtained from the corpuscular theory. But a.s 
Huygens failed to account succe.ssfiilly for the rectilinear propagatiim 
of light, the theory was abandoned for a long time. Ihiygen him.seir 
discovered the phenomenon of polarisation or tfoo-s/ckflnrss of tiijhf 
which is impossible to explain on any form of the corpu.se.uhu- theory. 
But even this phenomenon could not be explained on Hiiygc-iis’ form 
of the wave-theory as he thought that light consisted of waves of 
condensation or rarefaction in the hypothetical medium (irlhcr. 

86. Revival of the Wave-theory.—The revival of tlu- wave 
theory is, as is well known, due to Th. Young, in the t-arly y<-ars of 
the nineteenth century. He showed that two heaius of light, original¬ 
ly coming from one source, hut split up into two sources hy artidcinl 
means, can produce darkness {Interference of lii/ht) at points wlicr<‘ 
they overlap. This experiment was reported to have bec-n done by 
(riimaldi in 1665, who concluded from his experiments that, as tivo 
heams of light can produce darkness light was not ma/rr/al at, all ; 
hut not much credence was given to his experiments. Ih-c.siicl who 

entered the field in 1814, was the first to suggest that light con.si.sf (><1 

of tramrerse waves in aether. By the introduction of this hypotlu.sis. 
he was able to account for the phenomenon of polarisation, h'm-tlmi-’ 
by using the device of dividing the wave front into xouc.s whi<-.h w<-rc 
regarded as giving rise to secondary wavelets, and using i.lu- plumo- 
meuon of destrnctiye interference of these wavelets, lie was ahh- to 
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accoiirit for the rectiliiiea,r propai^atioii of light. (I'liisi is known 
iisnally as Hitygen^ PHueiple, but in its |)resent a(*c(‘|)t(‘(l form, it 
appears to be due to Fresnel) 

87, Heterogeneity of Light,— Che minierous <\xperiiiients 
wliieli W(vre ixmformed on iiiterforence and diifTaction liad tlie eHect 
of (U)nviiK 5 iiig (vvery in vestigator of the esBcmtial cornK'tiu'ss of the 
wave tlK'ory of light. It also led to a proi)or uinhu'sttiudiiig of th(‘ 
ii( 3 t(‘r<)g(nusMis nature of liglit, whieli was (irst (IcMuoustintcul in l()(ir) 
by Nc^wtoirls prisniatic* analysis of white liglit. Newton liad taken a 
right st( 3 p towards the (explanation of tli(‘, phenointnioii by sjiying tiuit 
whit(‘ light was iieterogvnieous and consisted of light of difh'nuitc^olours, 
and these were s<‘i)a!'ated by a, prism as tlieir r(‘riuctiv(3 iiidicH's* in 
glass are (liflereiit. Young showed that ligliis of (liflVu'ent (‘-olours ha v<‘ 
diflerent wavelengths, and lie obtained nearly com»ct values of th(*s('- 
wavelengtlis froin a stiidy of Newtoids rings. But a prevu'sion m<‘tho(l 
of rntnsuring the waveh^ngth was first discovered by I'niunhofer in 
his diirraction grating whicdi has, to this day, renmined a [lowerfiil 
instrument for the amdysis and measureinent of thc^ wavelength 
of light of all kinds. 

88. Extension of the Range covered by Light.— For a long 
time, tlie word ‘ liglit ’ was used to denote visible light bf^ginning from 
red (^«“7()0() A, IT.) to violet (X—4000 .A. IT.). But there is no reason 
wliy tlie pheiniriienoii should be confined between these two limits. 
As a niattcn’ of fae.t, W(3 now know that there may be no limit on 
either sides. The wjivelengths of different kinds of light are given 
in tlio following table. 


Table L--JPleMrornagnsfdri 


Radiation 

Wavelength 

Mcithod 

of 

Production 

Method of dot(>(vtion 
and 

analysis 

Discoverer 

(Tosinio niys 
(S 11 p e r 

Y-iuys). 

•OOOOOOl (,(1 j 

•001 A. IT. 

Conversion 
of matten* 
into energy. 

i 

I 

MeaBurement of 
absori>tion-(‘.oeffi- 
cient. 

ilnHH 

(I91H), 
Milliknn 
(1923), etc. 

Y-rays ... 

•001 to -09 

1. u. 

Radioactive 

(lisintegra- 

ticn. 

(3 -ray sfiectrum 
and crystal re¬ 
flection. 

1 



F. >3 
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Radiation 

W avedength 

Method of 
Production 

Method of detection 
and analysis 

Discoverer 

X-rays 

•01 to 136 
.A. U. 

Bo m b a r d- 
ment of 
metal tar¬ 
gets by 

electrons. 

1. Crystal reflec¬ 
tion, and photo¬ 
graphy or ionisa¬ 
tion chamber. 

2. Grating diffrac¬ 
tion (soft X-rays). 

Rchitgen (1895) 
Lane (1912). 

Compton (1925) 
Thibaud(l926) 
(soft X-rays). 

E X t r e in e 
ultraviolet. 

136 A. TJ.to 
lOOO A. U. 

Vacua in 
spark. 

Photography with 
vacuum gratings, 
plane and con¬ 
cave. 

Millikan (1919) 
Lyman (1906) 
Siegbahn 

Middle and 
near ultra¬ 
violet 

lOOO to 4000 
A. U. 

Vacuum 

spark. 

Photography with 
prisms:— 

Fluorite 

(1100to230Q A. U.) 
Quartz 

(1850 to 11000 A. U.) 

kScliumaiin 

(1890) 

Ritter (1802). 

V i s i b 1 e 
light. 

4000 to 7000 
A. U. 

Spark, arc, 
flame. 

Photography witli 
quartz and glass 
I)risms. 

Newton. 

Infra red... 

7000 A. TJ.to 
*4 mm. 

Heating ... 

1. Vire gratings 
and t h e r m o 
couples. 

2. Eesidual rays:— 

Proin quartz. 

8*5 [x (l[!i = 10~'^cm.) 
From sylvine 60 \i. 
From KI... 96 pt. 

Eubena arul 
N i c h 0 1 a 
(1898). 

Short Hert- 
yuan waves. 

I to 10 mm. 

Spark gap 

1. Focal isolation 

2. Coherer 

VYood (1912). 
Nichols and 
Tears (1924). 
Boao (1902). 

Hertzian 

waves. 

1 in in. to 10^ 
metres (no 
upper 
limit). 

1. Spark gap 

2. Triode 
valve os¬ 
cillator. 

1. Coherer. 

2. Crystal rectifier. 

3. Triode valve. 

Hert!! (1887). 


89. Discovery of Spectrum Analysis. —Tlic Speetriun jinaly- 
sis of liglit which was clearly formulated by Kircliliolf in, IcSHf) \va.s 
very far-reaching and extremely fruitful in its consequciiices. Tlu^ 
atomic theory of matter had been formulated only a few decades ago 
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by Dalton to exi)lMiii the buvs of clieinical (a)inbiiiati(>ii, but a]:)art 
from the (‘lu'niicuil iirojxmties, uo precise ])hy8ical iiietliod was kiiowui 
for tlie icleniiliciition of any atom. Kirelihoir’s (lisc*ov(‘ry showed, 
for the first t-inie, that (n^ery atom, when propeidy ('X(dt.<‘(l, emits 
liglit of (lefiinie inu'ehuylhs which are ns ehara(‘t<‘ristie, of it as 
a voice is cliaracteristic of a man, or a note is characteristic of a. 
inusical instriimc^ut. A rich siKxaxssicm of iiiids of new (‘leuuMits 
followexl this dis(a>\a:‘ry, but for tlic i>uri)ose of this book, it should 
be reme:mb(‘i-(ul as luiving established tlic first connection betwecai 
liglit and atomic physics. Evei’ since the discMiA^ery, works on the 
cliara<‘teristie spcH*tra. of eleruents and comiionnds arc being carried 
on inecsssaiitly. Tlic^ voliuuc of knowledge tlms gained is enormous 
and daily growing in size, and it has been mainly responsible for all 
tlie information we have got regarding tlie striietnre of the atom. An 
element like Fe emits more' than GOOO lines between ViOOO to ?i70()0. 
This is sutlicient to show tlmt the atom cannot lie of a, simple striutnirc 
like a lead bullet but must be (‘xtraordiiiarily comiilex, as has ae/tuafly 
been found to be tlie case. 

90. Vicissitudes of the Wave-theory of Light.—Though 
the wnive tlieory of liglit has addcal so miicli to our stock of kiiow^- 
ledge, its furtlun* cours(‘ lias not heem witliont diificmlty. If liglit 
consists of waves, tlie (jnestion naturally ris(\s :—‘Waves in what? 
Tlie earlier workc^rs ha<l said that light was due to waves in 
adluM’, a hypotludical <‘lenu*nt inherited from amdent times. But 
in spite of the host (dforts to assign definih^ l>hysi(uil pro[)erties to 
letluu’, it r(‘iuain(‘d largidy inetaiiliysical. Iluygcnis iliouglit that ather 
wnis a, kind of sipxuiine ga.s; but a gas is incapabh' of- transv(TS(‘ 
vibrations ; so Iba^snel thought that mtlier has ih<‘ propertic's of an 
elastic solid. But tlnax^ uia* gra\a‘ dilliculties ia llu* uec(^ptaiiee of 
this hyiH)th(‘sis. h'or an elastic solid, wdien disturixal, gives ris(‘ 
not only to transverse waves moving with the velociiv' but. also 

to lougitiidiual wa\'es |)ossessing tlie velocity Some pliy- 

V p 

sicists thought, that, proliably gravitational action is prt)pjigat(‘d as 
longitudinal wa\axs, but ibe suggestion eotild never be proved. Apart 
from this difficulty, if o be equal to either the rigidity of mthor 

is verygi*eat, or p is cixtrcuncly small. But it is inc.oncruvable that \i 
is exceedingly large, for thou we are led to the steango hypothesis 
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that planets and stars eaa move miliainpered through a inediuiri 
possessing great rigidity. If on the other hand, p be supposed to Ix" 
extremely small, it is difficult to assign to such a inediuin tlie i)r()i)t>r- 
ties of a rigid body. Further all efforts to detect absolute motictn 
through aether gave negative results. So by 1905, all hopes of obtaining 
a material picture of aether, free from contradictions, had disappeared. 


91. The Electromagnetic Theory of Light.—Up to the 

time of Fresnel, the phenomenon of Light was regarded only as an 
isolated group, and no connection could be traced between this ai i.< I 
other groups of natural phenomena such as electricity and magnetisiu. 
Though such a connection had been suspected by many, the first, 
experimental proof was afforded by Faraday. He put a piece of 
glass between the poles of an electromagnet and passed a beam of 
polarized light through the glass parallel to the lines of force. It 
was found that when the magnetic field was switched on, the plaue 
of polarisation was rotated through an angle which varied a.s tlic 
field. This clearly indicated that the polarisation of light can b(! 
affected by an external magnetic field. 


In order to explain Faraday effect Fi’e.snel supposed that plane- 
polarised light consisted of equal amounts of circularly pokri.sed light of 
opposite directions (right handed and left handed), and when this is pussed 
through an isotropic medium in a magnetic field along the direction of the 
lines offeree, the two oppositely circular polarised components are re.solvBd 
and they travel with unequal velocities through the medium. 

Ihe resultant effect is that when they recombine after travoraiiig the 
magnetic^ field, the plane of vibration of the new plane-polarised light is 
rotated with respect to that of the original light. 

This idea was verified by Brace* who succeeded in allowing tluU 1,In- 
two components are actually decomposed in the magnetic field, and one 
or these is retarded, while the other is accelerated by the field. 


Farada/s experiment does not appear to have been followed by 
any speenlation regarding the connection between light and 
magnetism. The first useful clue was obtained in the eclc-brakHi 
experiment of Kohlrausch and Weber (Note 1, Appendix) who 
found that the ratio between the e. m. and e. .s. units of electrieitv 
IS ]ust equal to the velocity of light. 


"^Brace, 
464, 1901. 


Wiecl 


Ann. d. Phys., 26 , 576, 1885; Phti May., (6), 



§92 I MAXWELL^S FIELD EQUATIONS LSI 

♦ 

In many quarters, this result waB interpreted as indicating 
that electrical jiction is i)ropagated with tlie vcdocity of light. But 
these speculations for the most part remained ba,iTen until Maxwell, 
with clca,r intuition, formulated the hypotliesis that liglit is an 
(‘l(‘ctr(>iiiagnetic distiirbajice in s]:)ace. 

92. Maxwell’s Field Equations.—Tlioiigli we arc in ])oss(‘s- 

sion of all tlie inatheiiiatical Avork by which Maxwell arrivcnl at 
his far-reaching theory, the mental i)roc:esses wlnx^li led him to the 
AVork are not (|uit(3 clear. Before his time*, scientists used to 
talk of two kinds of jether: (1) Fresn(;l\s mtli(‘r which carrit'd 

the lightrwavc‘s, (11) Faraday’s lether whicli finds itself in a state*, 
of stress Avlum subjected to electrical and magneti<*. force's. 
Maxwell tlionght that tlie two jethers cannot be (iitlerent but- must Ixa 
the same, and hence when liglit passes through tliern, the vibrations 
must give rise to electric and magnetic force, ddiis (*onvicti()i)i, 
coupled with the knowledge of KolihmiiscJi iuid M^cdxu-’s x-csults, 
led him to a train of mathematical works I'cgarding the magiu'tic*. 
action produced by an electrical emrent, and the electrical action 
produced by a varying magnetic field. They exixress tlio mutual 
relation subsisting between the magnetic a;nd electrostatic fields in 
any dielectric luediinii, and will be found in any bo()k ori chissieal 
electrodynamics. hVmn these equations, Maxwell showed that 
light may be supposei'l as consisting of ]>roi“)agations of an alternating 
electric and magnetic force at riglrt angles to (‘ach otlu*)*, and at 
riglit angles to tin* dire<*tion of tlie ray. He furtlun* sIiowchI tluit 
his (‘(pnitions l(>a(l (‘xai'tly to tin' same expressions foi* reth^ction mid 
rdraction as n\v. ohfained from th<* (daHti<*. solid theory of mtluM’, 
hut in addition, he obtained a lunv result that the di(‘le(dric 

eonstant of the inediuni. 

93. Hertz.—It is to the genius of Hertz that tlie world is 
ind(d)ted for the dememstration of the fullest possihilities of Maxwell’s 
ideas, iiarticularly of the hypothesis that a light ra,y is always 
accompanied by an alternating electric and magnetic force. He 
demonstrated by mathematical investigation that every oscillatory 
discharge* produces about it electric and magnetic forces which are 
a,t right angl(‘s i,o each other and move forward with the velocity 
of light. Ibe most efficient form is given by the Hertzian open 
oscillator. 
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Heitz produced electromagnetic waves varying froai 100 to a 
few metres in length and showed that these waves had all the 
properties of light. His experiments were taken u}) all ovei- tlie 
world, and still shorter waves were produced purely by elcctrieal 
means. Eighi, Lebedew*, Lanipaf, and Sir J. C. Bc)se$: made ven-y 
small oscillators and could pi’oduce waves as short as 4'mm. I'li is is 
about 3 octaves lower than the longest infra-red ray. lhaamlly 
this gap also has been bridged by Arcadiewa§, Nichols and 
Tears!. 


94. Maxwell to Lorentz.— Hertz's experiments iiud the 
short wave experiments clearly demonstrate that visible light can 
be produced by very minute Hertzian oscillators of atomic diiium- 
sions, in other words, when an atom is excited to emit light, it may 
be likened to a Hertzian oscillator having a minute self-indnctsince 
and capacity. To work out this idea more fully, we must have .some 
model of the electrical structure of the atom. This wa.s not 
forthcoming for a long time, and at hrst only crude models \vcr(! 
used. But from 1880, the electrical theory of matter semis to ha\'(! 
captured the mind,s of many physicists, and Lorentz in partixuilai’ 
introduced the idea of discrete charged particles to suiipkiiiumt 
the theory of Maxwell. 


This was a distinctly progressive .step, for Maxwell’s theory, 
as left by that great investigator, was confined to the treatment of 
light as an electromagnetic disturbance in free space (or free iulIuT 
as it was then called), and it hardly made any seidon.s elfortto ex¬ 
plain the phenomena in the interior of material bodies. The iutrod ii<'- 
tion of the electronrenderedthis possible—this became thego-heUveen 
between matter and light (or sether as they put it in those days), 
ihus Lorentz recast the whole theory of dispersion—coiistmeted 
by bellineyer and Helmholtz on the basis of oscillations „f elu.slie 
solid particles-in the mould of Maxwell's theory. The vihrations 

ottoe electrons took the place of the vibrations of the elastic .soliil 

particles. Ihe equivalent electric current due to motion of electron.^ 
w added to Maxwell's displacement cuirent, and expressions wore 
variation of refractive index with wavelcmgth, 

* P. lUbedew, TTM. Ann., 56, 1, 1896. 
t A. Lampa, TFien. Ber., 105, 587, 1049, 1896 
■ ■ c A 4 1 ^oe. Bengal, India, 1896 

E. J, Nichols and J. D. Tear, Fhys. Rev., 21. 587, 1923 
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wliich proved tx) be of great use in subsequent iiivestigiitioiis. But 
the greatest triumph lay in the successful haudliug of Zeeniaiui cfthct, 
which was due siniultaiieouBly to Loixavtz and Lariiior {ride 
Chap. X). 


95, The Electron as an Oscillator.— I n 

gations, we regard the oseillatioiis of the (ilee- 
troii as causing the phenomena of liglit. Tlie 
electron becomes the atomic resonator. 'l^\)llow- 
iiig an investigation by Rowland, it was in(l(‘ed 
proved by Lorentss that an muielerated eIet‘.tron 
becomes the source of electromagnetic radiation 
in the way reprcisented in the following diagram 
(Fig. 2). 


all tlies(^ inv(\sti~ 



Suppose 0 denotes die position of the vibrating electron. If it vibrates 
with an acceleration v in the direction ON, electromagnetic waves will 
spread out from 0. Let OP denote the direction (9) ot one of the rays. 
Then the disturbance at P will consist of an electric field E in the direction 
PE and a magnetic field If along PH. Tlie diretdiion of the electric *uid 
magnetic fields will be at right angles to eacli other. Tho inagnc^tie. field 
is tangential to tlie circle 00, and the electric field lies in the meridian 
lilaneOPN. 


By making use of the idea of the electroii“res()invtor, 3. fl. ''rhomp- 
son deduced liia famous formula, for scattering of X-rays, winch 
liroved to be of great use in thc^ (ia;rli,er days of investigations on the 
nature of X-rays. This work therefore*, pre'-siqiposenl tin* (‘sscaitial 
identity of X-rays and light long l)efore Lamds diseoveu’y of 
diflractiori of X-rays by crystals placed It beyond a.ll shaders of doubt# 


96. Revival of the Corpuscular Theory—The Quantum.— 

With the dis<*,e)V(‘ry of Hert/iian wave, wlien the trium|)h of tin*. (d(‘(‘tro- 
magnetie*, wavei-tlieory of light seemed to be*. compIe‘.tts tlu'ia* rose*, 
e-louds from otheu* epiarters, and in fact from an observation lirst made 
by Hertz himsedf. The Maxwell-I to tluxory decals more w'ifh the* 
propagation of light in any medium, it leavers the (pu*,sfcion of gemeu*- 
atiou of light, at l(*ast when atomic dimemsions are conejcrneHl, wry 
miK‘k to itself. 

Aliovit the year 1890, some physicists bc^gaii to study this probhun 
froin aneitlmr point of view. It is well-kueiwn that wlien we h(‘at a 
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body, it begins after some time, to glow, and emit light. It just 
becomes "visible at a temperatiue of 525*C and as the temperature is 
still further raised, shorter waves of the spectrum begin to be 
emitted. At SOO^C the colour emitted is still dull red, at 1300” it 
becomes yellowish, while at about 2500”C almost all the colours 
appear. At the temperature of arc, the light becomes bhiisli white. 
The connection between colour and the temperature is so close 
that experienced people can guess the correct temperature by simply 
looking at the furnace. Still, the nature of colour emission 
to some extent depends upon the physical nature of the body. 
But Lummer and Wien showed that we can realise a special 
type of body in which the einissivity has nothing to do with the 
physical characteristics, but depends only on the temperature of 
the body. Such a body is known as a ^perfectly black body,"^ and 
many experiments were performed, to find out how the intensity 
of light of a particular colour emitted by such a body, varies with 
the temperature. The results of these experiments fomn the basis 
of the theories of temperature radiation to which we now turn our 
attention. 

In the phenomena just described heat is being converted to light. 
It is well-known that heat is molecular motion, so that in this process, 
we are disturbing the atoms, they are knocking *against each other, 
and their electromagnetic^^ constitution is being disturbed. The 
question arises : whether we can find out in what way the emission of 
light depends upon the temperature? The task is a very arduous 
one, for it aims at connecting two great groups of natural phenomena 

Heat and Light. 

After the great success of the electromagnetic theory the path 
seemed to be clear enough. Let us take a black body chamber filled 
up with radiation, and containing some monatomic gas. Let us intro¬ 
duce a via media between radiation and the gaseous molecule. This 
is achieved by the introdiiction of Hertzian oscillaors of molecular 
dimensions; these serve a double purpose: they absorb energy from 
the field of radiation, and transfer this energy by collision to the 
gaseous molecules. Planckf showed from MaxwelFs theory and from 
the theory of Hertzian oscillators, that the following relation subsists 


* For a full account of the subject see Saha and Srivastava, A Text 
Book of Heat, Chap. XI. 

i* For the deduction of this relation see M. Planck, Warmestmlthmy. 
Chap. V, Sec. ir. 
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between the energy of an oscillator and the density of radiation in 
the space: 




3c" ITy 


(3) 


where 


i?v = energy of an oscillator. 


IT^ = density of radiation of fre(|viei)cy v. 


The oscillator is again in (Hpiillibriinn with the gaseous niolecnles. 
Hence according to tlie law of eciuipartition of energy’*' 


7?v wr .(4) 

Hence from (3) and (4), 

.(5) 


This law, deduced in various ways and at various dates by 
Eayleigh, Jeans, and Lorente is obviously wrong, as all the energy 
is thrown into short waves, and was experimentally found to hold 
good only for long waves. Planckf obtained an alternative fornmla 
which was subsequently found to be correct for all regions of wave¬ 
lengths, but for doing so he had to introduce assumptions of a very 
radical nature. 

Ho assumes that the oscillators can have either a qtmntum of 
energy e or some inultii)le of it. It cannot have any intermediate 
value. Thus if wo have an assembly of N resonators, some of them 
have the energy 0, some 8, some 28,. ., and so on. The average 
energy is easily calculated to be 

Y instead of ¥I\ .((!) 

We liiive to iinik(i that the fornmla may coiiform 

to the cx'p(n:inunital r(‘sults. I:^lanck\s a.HSumption therefore marks a 
radical d(^pa,rtur(^ The energy of an omtla/or is supposed to he 
proporlunnd lo 'its freqifeney, and it can lniv(i, at any instant, an 
amount of energy which is a, mnlUple of lev, Sitice the oscillator 
derives its (uu^rgy l)y absorption from the field of radiation, it follows 
that raxliati()ii its<4f is atoinic in structure, id, should occur in cells 

*** For an account of the Principle of Ecmiparfeltion of hhungy h(‘(^ Halm 
and Hriyastava, Text Book of Heat, Chap, 111, §19, or any standard work 
on kinetic theory of gasi's. 

t M. Planck, Verli, d. I). Phy.% Oes., 1900, 

F. 24, 
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having the ciiergy-coiiteiit At least this was the iiiterpretatioii 
which was put by Einstein on Planck^s hypotliesis, and though, it 
was opposed to tlie usual concepts of light |)roi)agiition, IfiiMst<‘i.n 
brought very strong experiniental evidence in support of this vknv. 
This evidence is derived from die phenomena of plwtoeMjirity^ 
originally discovered by Ilerte, and subse(iuontly elucidated l)y Eiglii, 
Hallwaclis and Lenard. 

97. The Photoelectric Phenomena.—The subject of “ Plioto- 
electricity^^ arose out of an observation by Hertz*''' that the jiassiige 
of a discharge between two electrodes connected to a source of Ivigli 
potential is rendered much easier when the cathode is illiiniiimted by 
ultraviolet liglit. The plienoinenon was further investigated l)y E-iglii 
and Hallwaclisi- who sliowed that when an iiisnhitcd inetalllc plate is 
illuininated by ^ means of ultraviolet light, it becomes |)^'^sitively 
charged, Lenard. sliowcd that the positive electrificati()n was diic^ 
to tlie einissioii of electrons froni tlie metallic surface. Ho ineasni’ed 
tlio ratio e/m of the charged particles and found it was ich'ntical 
witli that for cathode particles. Ultraviolet light can tlierefore 
release electrons from a nictal. Tlie velocity of tiicsc electrons was 
found to be extremely small, of the order of a few volts. 

Lenard$ showed fiirtlier that when the i)late is illuininated by 
mono-chromatic light, electrons are released with all velocities, 
beginning with a definite maximum. The value of the niaxluium 
energy was found to change with frequency in a linear fasliion. The 
time and intensity of illumination had no effect on the i)osition of tliis 
maximum, though more electrons were released in proportion. 

The nature of these results will be clearer after the study of the 
following description of an exiierimeiit of tins class carried out with 
great care by Millikan§ :— 

In these experiments, the metallic surface wliich is to be ilhniiliiatcidniust 
be fresh, and free from coiitamiiiation of any absorbed gas or oxide layer. 
As this is difficult to carry out in the open, Millikan put the whole 
apparatus (Fig. 8) in vacuum within a glass vessel. Three cast blocks of 
metallic Li, Na and K are mounted on a wheel at the centre of tlui vosscvl. 


H. Hertz, Ann. d. Phys.^ 31, 983, 1887. 
f W. Hallwachs, Ann'd. Phys,, 33, 301, 1888. 

t P. Lenard, Wien. Ber\ 108, 1649, 1899 ; Ann. d. Fkm., 2, B59, 1900: 
Ann. cL Phys.^ 8, 149, 1902, 

For detailed study of photoelectricity, see PhotoeUHrio Phenorie/m by 
liugiies and du Bridge, 1932. 

g E. A. Millikan, Fhys. Rev,. 7, B62, 1916, 
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Anyone of llieni can l)o iilunniinlKMl by liglifc comin^j^ froni a iiionoeliroinutic 
sourco. llio(iO(‘le<*(irons are 
reloast^ii and tend (.u |)a,8s l.(:> 
tlK^ collecdiig cyliiider 0 
wliich is csoniHJeUul to an 
(di'etn)nuvt.er. A rtitarding 
pobMd.ial (polridiial whieli 
pnno'nl.s the (d(M'tron I’roiu 
|)a.s,siiig to ( 1 ) is Mp])Ii(^il 
l)t‘tw{‘(‘n (J and tlie alkali 
))lo(dv, and tlie cnrrinit, Ixv 
tween tliein measiirenl. Tliis 
falls gradually a8 tlu^ Yalue 
of liln^ ivtarding |)()tential is 
iner(‘{is("(l, and ultimately reduces l.o jcero valiii‘. (eurvos in h^ig. *1). The 
valiH' ol the potential for wliicli this occurs is tlio niaxufnuif rrirmiim/ 
patchtial. It repr(‘s<*nts the maxiinum energ'y witli whitdi {‘ka'IronH arc^ 
rdoased from tlu^ t)lat(^ by llglit of rrcHpiency v. A¥(^ have 

limP » Cinergy of the electron «« cF . . . , (7) 

wliere iriaxiinuin retaxding polieutial. 

Idle blocks Li, K and Na a,re mounted on a rotating spindlci which 
can be set in motion by an cil(Hliia)nuign(!ti(i arrangoinent from outside. 
P is a, kuifti-edge. As a block (*,nines against P, h slice is cut off, and a 
fvesli surfaccHian bo exposed. The ajiparatus is kept biglily evacaiatcHl. 
S is a (*oi)|)(‘r dise whidi is used for compcinsating tbe (‘ontaci i)ot<‘ntiab 
difference bctwcHiii sodiiun and tlui cnllecdliig cylindc'r. llie sotirc.o of 
lig’ht was a nic^rcairy vai>onr cpnirt/ hiini>, a.nd it was passcnl tlirougli a 
ivionocdirciinah and rays of ilofinitc^ wavelirngths were allow(‘d t() illiiininaUc 



MilHkaiON npiiartttuH for Miudyin^': l>hol()('l<‘(nric 
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Fig. 4<a). VarifttUai of iihotoaleetHc MtiiMlon with rciardlnff iiolrntUil (Sodium). 

the alkali hJock. llie cuirvcs in Fig. 4 (a) and (/^) show bow tlu^ current 
varies with tli(‘- value of the retarding poteatial for different wav<k^ngths. 










Current 
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Lenard and after him Millikan, used the lines \ 2536, 3125, 3650, 
4339, 4047 and 5461 of mercury for investigating the photoelectric 
emission of ISTa-plates. For any particular wavelength the current 



U IB 12 11 10 9 8 7 6 5 4 S 2,10 VoltaXlO 

Fig. m 


diminishes as the retarding potential increases, until the current falls 
sharply* to zero, ie,, the retarding potential is just suiSicient to stop 
the photoelectric emission. While examining the curves, the reader 
should bear in mind that the zero-point of voltage on the abscissa- 
axis has been chosen quite arbitrarily. It is due to the method of 
applying the voltage. A battery of high e.m.£. is shunted by a 
variable high resistance and one terminal is connected through 
the electrometer to the illuminated plate, so that different positive 
potentials can be imposed on it. In calculations only the difference in 
voltage is needed, hence the position of the zero-point is immaterial. 

It was also found that the maximum retarding potential varied 
88 

SB 

® 18 

X 

I 

8 
3 

V‘40 50 \ 60 f75t SOf 90 \ >00 110 \I20XI0‘^ 

5461 4339 4047 3650 3/25 ‘■2536 Au 

Fig. 5. Variation of retarding'potential with frequency of light. (Sodium) 



linearly with the frequency as shown in the above curve (Pig. 5). 


* In the recent experiments of Du Bridge, it has been found that the 
maximum potential is not so sharp as appears from Millikan’s experiment, 
blit changes with temperature. In fact, the sharp cut is expected only at 
absolute zero. This however does not interfere with our argument, as 
Millikan’s experiment may be supposed to have been conducted at 
absolute zero. See however Du Bridge, Phys. Re% 32, 961, 1928. 
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We obtain from the above experiments the following result, 
first derived by Leiiard and verified by Millikan :— 

I*-'/OT‘^===eF==av + constant.(8) 

The interpretation of this equation was given by Ejinstein 

in 1905. He stated that a beam of light may be supposed to consist 

of corpuscles or light-cells each possessing the energy hv. When 
this corpuscle falls on a metal, it gives its whole energy to some 
electron. The electron requires certain amount of energy to be 
released from the atom. Let this be denoted by A. The balance 
will be converted to the kinetic energy of the electron. According 
to the law of conservation of energy, we have 


im'v^^^eV-^kv—A .(9) 

or eF==A(v-Vo).(9a) 


If the incident light has a frequency less than Vo, it cannot 
release any electrons. This is known as the threshold frequency 
and it has got a characteiistic value for each substance. For 
alkalies, Vo corresponds to infra rod light, hence they are photoelec- 
trically sensitive to visible light up to red. A table of values of Vo 
will be found in the chapter on Thermoions. 

The investigations on photoelectric emission therefore clearly 
indicate that light of frequency v consists of corpuscles each having 
the energy hv. It can be easily shown that photoelectric emission 
is inexplicable on any other theory. For example it has been 
found that red 'light, however strong, and however prolonged the 
exposure may be, is incapable of releasing a single elljctron from 
an element like zinc for which Vo correspond to ultraviolet light. 
But the feeblest ultraviolet radiation of sufficiently large frequency 
can release the photoelectron instantaneously. The point is illustrated 
by the following example duo to Isf. E. OarnpbelL 

Suppose Q is the strength of the source. Then the light absorbed 
by an atom at a distance r in time t is given by 

“where a .radixis of the atom. 

W(‘- (‘-an put E sliglitly greater than -J the energy with which 
tlu) j)lK)to(d(JCtr<)ns are emitted, and can ctilculate the time t required for 


A. Einstein, Arm. d, Fhys,, 17, 132, 1906; 20, 199, 1906. 
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absorption of tins energ-y by a source Q. Q may be so fe(0)le that t 
may be as large as 45 minutes. But experiments showed tlnit tlie 
release of the i)f^otoelectron was iiistantaiieous. So (he law of conti¬ 
nuous distribuliion of radiant energy in space implied in (10) is false, 
riie light-corpuscles having the energy-quanta hv cannot be fartlier sub¬ 
divided. The number of quanta passing at a distance '>• per unit area 
varies inversely as the square of r. 

The photo-electric experiments can therefore be rc'ga-rded as 
crucial tests in favour of the new corpiiscular tlieory of light, 
according to which each corpuscle of light lias the energy //v. ‘/d 
is known as Planck's universal constant Its value, obtained from 
photoelectric experiments is 

/?,=6*577X10”^'^ ergs. sec. 

This can be obtained in the following way. The straiglit line 
in the figure 5 cuts the axis of v at about v~48.10^^ Since it is of 
the form 

F= —V +A, 

e 

we at once get from the figure 

— =1-375. 10-” 

6 

Using 6=4774.10“^^ e. s. units, we get 


98. Further Evidences in favour of the Quantum Theory of 
Light.* —Tlie view that light of frequency v can’he su])1)()H(m 1 to consist 
of particles having the energy content 7/.v^ has receivcul cu)iifitMiuiti<)ii 
from many other directions, and has now becoine fmidjmuMdaJ for 
atomic physics, as the reader will subsequently find for himsedf. 
Einstein further postulated that a light-particle of eno.rgy J(v may 
be supposed to possess the mass hvjc^, and the momentum Z/v/rr in the 
direction of propagation. These results follow from his law d(i.(hi(‘.(‘d 
from the principle of,relativity that mass and energy arc^ (‘(piivahuit, 
being connected by the relation .E=:im\ It can .further Ix', shown 
to give a satisfactory explanation of the alicient problem of the 
orientation of tails of comets. 

* For a fuller account of the subject treated in this and the following 
sections of this chapter see Astrommy, Russell, Dugan and Stewart, II. 
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99. Pressure of Light.—Astronomers had from very old times 
observed that when a cornet sweeps past the perihelion of its orbit, it 
develops a tail in addition to its central nucletis, but the orientation 
of its tail continuously changes so as always to be opposite the sun as 



Fig". (I. The tails of n conuit .in diffoi’onl; positions on its orbit. 


shown in Fig. 6. These facts receive a ready explanation if we 
suppose that when at a, distance from the sun, the comet consists of 
a central nucleus alone, irrobably composed of gaseous niatter. 
Wlien it nears the sun, strong liglxt from the siui falls on the gaseous 
envelope, and exerts a pmmire on the ixarticles composing it. As 
a result the ])a,rticles are impelled far into space in a direction 
op|)osi.te to the siiuAs rays a,n,d form the tail. 

But the hypotliesis tliat light can exert pressure on material 
bodies did not receive experimental verification for a long time. 
The failure of the early experiments was largely due to tlie ignorance 
of the iuv(istigators about the correct magnitude of the light- 
pressure. Maxwell was the first to throw light on this point. He 
deduced from the electromagnetic theory of light, that the magnitude 
of the pressure should be J/c, where J^^the intensity of liglit. The 
occurrence of the large quantity e in the denominator ma,kes light 
pressure extremely small, for example, the pressure of sunlight is only 
5X10”“^ dynes per cm.^ Very fine appfjxatus is needed to dcitoct such 
a small quantity, and still more elaborate arrangements are needed to 
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get rid of various spurious effects. It was only in-1900 tliat'Lebedew'" 
first succeeded in demonstrating experimentally the pressure of light. 

But MaxwelPs proof of the existence of light-pressure had one 
limitation. It ap|)lied only to obstacles whose dimensions are 
larger than the wavelength of ordinary light. As atoms are much 
smaller than light-waves, it follows that his proof cannot be extended 
to atoms. The tails of comets therefore remain uuexx)lained unless 
we suppose that they are formed of cosmic dust, i.e., of particles of 
about 10“^ cm. in linear dimensions. But the observations of 
cometary spectra show that the tails are composed of gases. 

100. Pressure of Light from the Quantum Theory.—This 
difficulty is removed by the qnantimi theory. For let ns suppose 
that a light quantum kv falls on the atom and is absorbed by it. In 
this process a momentum of hvie will be imparted to the atom in the 
forin of a forward kick. The action may be likened to that of a bullet 
on a target. When the bullet gets embedded on the target, the 
moinentiiin is imx^arted to the latter. The resultant pressure on the 
assembly of atoms is 2(//v/e) X number of atoms receiving the 
kick X number of times each atom receives the kick per unit time, 
and this is where I is the amount of light absorbed by the 
atoms on unit surface in unit time. We thus arrive at the same result 
as Maxwell. If there is no absorption there can he no pressure, in 
agreement with Maxwell. 

101. The Selective Radiation Pressure.—Thus the quantum 
idea of light not only removes all doubt regarding the existen ce of 
radiation pressure on atoms, but it yields us a sounder view 
regarding the nature of such pressure. It says that such pressure 
is exerted only if the atom is capable of absorbing ike mdiaMou. 
Tims if white light is incident on Na-vapour, it is only the I3x and 
D 2 light (and certain other lines, see Chap. VIII) which can exert 
pressure on the Na-atoms. The action is therefore Selective. 

These results have been applied with great success to explain 
the formation of ‘^stellar atmospheres.'^^ We illustrate the case with 
reference to the sun. The sun is supposed to consist of the photO’- 
sp/tere, a central condensed core which gives white light like an 

Lebedew, Ann. d. Phys., 6, 438, 1901. 

For details of these experiments, see Treatise on Meat by Saha and 
Srivastaya, 
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intensely heated solid body, surrounded by a dilute atinosijhere 
(technically known n.s the CltroiHOsphere) containing almost all ele- 
iiK'nts known on tlie earth in the vapour form. The gases of the 
chromosphere (or the lower i)art of it which is called the Ra/ryning 
Layer) gives rises to the Fraunhofer Spectriun by the Nelert/re 
ahrorptimi of the outflowing stream of white radiation. A 
que.stion which puzzled the astrophy.sicists befota; 1920 was 
the great height reached by some heavy atom.s like Ca. For 
according to Maxwell’s law, the number of atoms of an element like 
Ca at a height A is given by . As <7 on the. sun is 

about 27 times g on the earth, and fl=6000°K, it can be easily shown 
that an element like Ca cannot reach to greater heights than say 
10 km. over the photosirhere. But observations show that Ca rises 
to as great heights as 14000 km., as revealed by its chief characteristic 
lines II and K. This behaviour is not confined to Ca, but is shared by 
Sr, Fe, Na and many other elements possessing strong absorption lines. 

The phenomenon is thus explained : Let us suppose that a pulse 
hv corresponding to X .3968 (H) or X3933 (K) of Ca (rather of Ca"^, 
vide Chap. IX) hits a Ca+-atom. The increment in upward velocity 
impart.ed to it is hvlm.e==2'f) cn\./sec. But when Ca"*" absorbs this 
radiation, it is excited to higher state which is however unstable. 
After an interval of 10" ^ sec. it reverts back to the original state 
and is ready to receive another pulse. So the acceleration imparted to 

the Ca^-atom in a second is — • A, where A is the number of times 

cm 

the Ca'*'-atorn is hit by the quantum of H and IC-lines. As A is 
very large (nearly 10®), the upward acceleration due to selective 
radiation pres.sur(( becomes very large, and probably exceeds the 
solar gravity. Bo the atoms of Ca"^ can reach groat heights. 

The idea of “ Selective Radiation Pressure” is of groat use in. 
a.strophy8ics and original sources* should be consulted to obtain a 
better idea of it. 

102. The Compton Scattering.—^I'ho theory that light (in¬ 
sists of di.scrcbi iiarticles having the energy hy and the momeutuni 
hv/r has r(‘C(>.iv<id a very strong expcrimcntiil support from a mimlxM- 
of eh^gant experimonts performed by A. M. Comptoni" of Chi- 

* M. N. Baha, Nature, 1921. K. Uilne, fJcmdbwh d. Astrophymk-, m 
(l)Fhap. 2. 

i' A. H. Compton, Phil. Mag., 21, 716, 1923 ; 22, 409, I92.5 ; Bull, Ntil, 
20,16, 1922. 

F. 25 
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cago. We have already mentioned that X-rays are a kind of liglit 
having, on the average, thousand times lai’ger frequency than or¬ 
dinary light. According to the light-atoni view, they have thcrcvFoiv^ 
thousand times more energy than quanta of vi>sible light. What 
happens when the X-ray quanta fall on free electrons? We can 
regard the process as one of collision between two particles. It is 
clear that in this process the electron will receive some energy fix>rn 
the photon (light quantum) and be thrown forward. Thus the plioton 
will he deprived of a part of its stock of energy. Since according to 
the atomic view of light, the frequency is ])roporti(:)nal to tlic energy, 

the frequency of the scattered photon will 
bo diminished, or it will have a larger 
wavelength. Compton* and siiniiltiineously 
Dehyef showed that exact inatheioaticiil 
expressions for change of wavelength and 
other quantities can be obtained by applying 
the well-known laws of comsorvation of 
energy and of linear inoineiitirm. 

Fig- 7 illustrates Comi:)ton scattering 
phenomena. The primary beam consisting 
of photons having the energy Avo and mo¬ 
mentum hyojc in tlie • direction of motion 
encounters an electron which is supposed to be free. Let us siipi)Ose 
that the electron is thrown forward with a velocity r, at an angle cp to 
the original direction of motion of the plioton. The photon is scatt(n*ed 
at an angle 6>, with the energy fev. 

Applying the principles of conservation of energy, we have 

Total energy | Energy of the ] Energy of 

before > == electron > -h photon 

collision J after collision J after collision 

■ = imov^ + fev . . . (11) 

Applying the law of conservation of linear momentum parallel 
to the original direction of flight of the quantum, as well as ]Mnvonr 
dicular to it, we have the two other equations: 



Fig* 7. Scattering of light 
ciaanta by electron. 


Impulse of plioton 
in the original 
direction 


Impulse of 
the electron 


Impiilse of plioton (after 
+ collision) in the original 
direction of photon. 


A. H. Compton, Phys. Rev., 21, 207 and 483, 1923 ; BulL Mt, 

No. 20,19, 1922. ’ 

t P. Debye, Phys. Zeits., 24, 161, 1923, 
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TEE COMPTON iSCATTElUNG 
— IIIq V cos <P 
Impulse 


+ '~’Cos 0 
e 


tlie origiiiul (lir(‘Ctioii > ^ .t' ^ f +• collision) perpendicii 

of llifj!:ht J .1 J lax to primary rays 


or 


iuqI' sin 9 
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. . ( 12 ) 

Impulse of plioton (after 
n) perpendicii 
primary rays 

(13) 


Jiv . . 
—sill 0 


TlK^rc arti tlircu^ (Kluations, and four qiiiriitities to determine 
V, r, 6^ (p. ()iK‘ of tlu'se must tliereforc be taken as known, and others 
(‘xpr(‘ss(Hl in terms of it. Let 0 1)<,‘ tliis quantity* Then we have on 
eliininatin^* cp 




hv 


cm9 




. . (14) 


With tlic aid of (11), we obtain 

h 

V » .'.(1--C0S (f) 

HI 


v'^ « 2[—J (l — cosfy) 

()C / 

111 dedudiiK tliesd cxprcHsiouH wc have aHSUined that 

//Vo <■ 

This condition is fuliilled in the case of X-rays, but there may be 
eases (y and cosmic rays) where this may not hold good. 

Let Av bo the change in frequeucy. We have 

h\t 

Av =“■ —~j(l-eo8 6*).(15) 

and the energy received by tlic electron 

i/nov;** •* /«• Av «= .—— . , . . (16) 

\ (S J HIq 

In actual experiments, the change in wavelengtli of tlic photon 
is observed. Let us have 
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Now —'==’0242 A. units. Hence 

MoC 

A A - - - ~ {1-cosB) .(17) 

m-oc 

= '0242 (1—cos 6) .(17a) 


Also Aa = A sin'"^— .... (18) 

2 2 

whei-e A='0242 A. IJ. 

Compton showed that the relation (17) can be put to an experi¬ 
mental test if the wavelength of scattered X-radiation be accurately 
measured. An idea of scattering of X-rays has already been given. 
When a beam of X-rays fall on matter, they are scattered sideways. 
The subject was mathematically treated by J. J. Thomson [vide 
Chap. VI) who proceeded on the hypothesis that X-rays arc electro¬ 
magnetic waves which, falling on the electrons of atoms give tlieni 
an acceleration parallel to the field. The accelerated eleetrous 
radiate energy on all sides which constitute scattered light. The 
scattering formula of Thomson [tnde VI, § 112) was experimentally 
tested by Barkla, and led to the first Toiigh eniimeriition of the 
number of electrons contained in an atom [vide Chap. VI). 

In his experiments, Barkla* noticed that the scattered X-rays 
undergo a certain amount of softening or increase in wavelength. 
Compton argued that if the scattering atom be sufficiently light, then 
its electrons , are bound to the atom with energy which may be very 
small compared to the energy carried by the photon ; under such 
conditions, the electrons may be regarded as free, and the change of 
wavelength can be calculated as given in the text. He devised an 
ingenious apparatus to nieasiire the change in wavelength at difter- 
ent angles of the modified radiation (X-ray photons modified by 
collision), and found that relation (17) is completely verified- 

103. Experimental Verification of Compton’s Theory.— 

The change in wavelength of the scattered radiation was verified by 
means of the apparatus in Fig. 8. 

R —Roiitgen ray tube, A being the anticatliode. 

S, S ... lead .slits to get a parallel beam. 


* a G. Barkla, Phil. Mag., 7, f)50, 1904. 
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D ... scattering substance. 

S^S^.. slits in the path of the 
scattered beam. By adjust¬ 
ing them, ray s s<‘attercid at 
any angle S can be spec- 
troscopical ly examined. 

Thus in the ligure 
O ... crystal. 

I ... ionisation-chamber. 

E ... electrometer. 

The anticathode was of 
molybdenum ■which gave the 
characteristic K line.s of Mo, 
r/u, .K^^, strongly on a con¬ 
tinuous background. 

The beam scattered from 1) 



Kiff H. AppiiriUiiH t'oriiiftojicnVct. 


which was a shd) of grai )l:iite was 


analysed by the crystal and the intensities measured by the electro¬ 
meter, The intensities were plotted against the glancing angles.. 
The I'esults are shown in curve in Pig. 9. 



Th(* bi-ok(m liiu! represents the intensity of ih(‘ primary beam 
of X-rays from Mo. The (irst smaller maximtini is due to K^, the 

second and higlier maximum is due to (this is not njsolved). 
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wavelength ol: the Ka-liiie as inensurccl from the glancing angle 
is %^'IOS A. unifcs» The other i)arts of the curve correspond to 
general X-'racliation witli which wo are not concerdod. The full 
lino represents the inteiisit-y of tlui i)cain scattered at h0\ whoh’ 
spectrum, including the maxima indicating and arc displaced. 

Measurement of tlie glaiunng angle showed that the wavelength of 
jiiodiiiod Ka ='7B0 A. We have theroforcj A^=*022, wlule accord¬ 
ing to tlieory it ought h) he ’024. agrcMaiumt is therefore 

perfectly satisfactory. 

Later Compton, Kallimm and Mark, Daiivillicr and Do Broglie 
and others substituted the photographic method in place of the 
kmisation cluiinbcn’, and (ixperinionted with characteristic rays of 
difforcut eleincnits and diiterejit radiators. 44ieir r(»8ults arc .shown 
in Table 2. The pliotographic method is very laborious and 
sometimes exposures extending over 00 hours are needed. 


Table 2. 


Iiieidont 

rmliation 

A,(A.U.) 

AX(i.'U.) 
nt 0 = 90” 

Observer 

Wo K 

0'203 

O' -0240 

|De Broglie, P. A, Kohh 

1 Duane and Allison 

Ag X 

0-600 

-0223 

Do Broglie, Hagen 

Mo K 

0708 

-0242 

I Compton 

An L 

l-lOO 1 

•0240 

Dauvillier 

Zn K 

1-436 

-0-238 

Kallmann and Mark 

Oil K 

1-541 

<v -0240 

Dauvillier 


Compton was not satisfied with a btu‘e verification of liis theory, 
but proceeded to put to test the other inii)lications of his theory. 
A full account of these cannot be given here for which original 
sources must be consulted. A few leading results are given: 

(1) ChauQe o f Wavelength at Differeui Angles. 

According to (18), AX should vmy as sin^ ^/2. This was verified* 
by using a Mo-tube, and a graphite radiator. For a given angle of 
scattering the intensity of different wavelengths in the scattered beam 
was measured by varying the glancing migles, and the position of 

A. H. Compton, Ate, 32, 409, 1923. 
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t\\i) displucocl Kej-linc was cloteriniiictl from tho ])osition of^ the 
intensity maxitnuni. 

'Die apparatus used is ft'ivoii in Fij):* 10. T is tlie Mo-aiiticathoclo» 
and 11 tlic j^rapliito radhitor. Tho 
primary X-rays from T 
st'-attored at R at angles 0 pass 
thr()nj>:h tho slits 8t and Sg, and 
tlicii to tlio crystal O of tho 
Sp(5otrometnr I. In this 
way th(^ wavelength scattered 
at an angle 0 can bo m(;a>sured. 

'I'lie jmglo 0 may bn changed 
simply by shifting tho X-ray 1%. lo. Th« cxpcrlirK^nUl nrrniKrc-mnm. 

tube, and th<^ Hpee.triim of prijnary radiatiou may bn obtained by 
r(‘moving tlu^ radiator and ro(a)iving tiui direct beam, without 
<Hstm’bing the slits or tho crystal. Tiio intensity of the soattorod 
beam for various glancing angles was thus known. 

Tlic rcsiiUs obtained are 
showii ill Fig. 11. Tlie 
Ktt -molybdenum line ha.s 
been scattered at 45", 90" 
and 135". : The upper curve A 
shows the spectrum of pri¬ 
mary rays, the curves below, 
B, G, D that for rays scattered 
at 45", 90", 136", resiiectivcly. 
It will be noticed that the 
primary wavelength appears 
in every case at exactly the 
same position. But in B, C and 
I) a second wavelength occurs 
at a glancing angle which 
increases rapidly witli larger 
angle of scattering. Calculation 
sliows^ that A% is exactly 
])roportional to sin^ 0/2. 



(2) Tin-modified Lines. 

It has boon already mentioned that the Compton scattering is 
clue to free electrons. But in the scattering material, - all electrons 



200 


THE PHYSICAL PHOPERTIES OF LIGHT 


[V 


are bound, being attached to some atoms, They can bo regarded as 
free only when the atom is light, and energy of binding of electrons 
is very small compared to the energy caiTied by the ])lioton, But 
there may bo atoms whore this condition is only partially fulfilled, 
the outer electrons may be regarded as free, whereas inner 
electrons are bound. In such cases, the inner electrons show 
Compton scattering without change in wavelength. So there will 
be two beams: (1) a inoclified beam sliowiiig increase in wavelength, 
(2) an immodified heem* The comparative intensities of the two 
beams will vary from element to element. For light atoms all scatr- 
tcred radiation is modified; for heavy atoms, there are practically no 
modified rays. These inferences were verified by Ross,* and arc 
illustrated in Plato IIT, Fig, (12-V). In this the scatterings for the 
four difTerent elements C, Al, Cu, Ag at the same angle 90“ have been 
compared, It will bo seen that as we pass from tlie lighter to lieavier 
elements along the series, the intensity of the scattered radiation 
remarkably diminishes, while the intensity of the primary radiation 
gradually increases, 

A beautiful series of mievopliotograms of the intensity distiabution 
of modified and unmodified lines for elements from Li to Cii has 
been obtained by Woo.f 

^-rays cm.) liave about 100 times the frequency of 

medium X-rays, and hence relative to them, electrons of almost all 
atoms may be regai’ded as free, y-vnys show no unmodified lines. 
This was observed by Ross,l[: and also by Compton.§ 


(3) JS^ypminmiial JEvidmee regarding Meooil FAectrom, 


Compton and Simon II proved the existence of recoil electrons 
by using the Wilson cloud-chamber method of pliotograpliing the 
track of elGCtroiis. 

The distribution of recoil elccti’ons and scattered photon in 
different directions is shown in Fig. 13. 

The. radius of the dotted semicircle denotes tlic energy of 
the ])rimary quanta /^vo find the arrow to the extreme left denotes 
tlic direction of incidence, The full curve in tlie upper half of the 


*P. A. Ross, Proo. Nat Acad., 10, 304, 1924. 
tY. H, Woo, Phys.Pev., 27, 122, 124, 1926, Bee also Comp toil's 
p, 268, Fig, 110, 

t P. A. Ross, Science 67, 614, 192,3. 

8 A. H. Conu^on, PM,/Vctf., 41, 760,1921, 

(I A. H. Coinption and W. Simon, Phys, 26, 300,1925, 
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lignre bIiowa the diatribxitiou of energy 0:0 the .scattered quanta hv, 
unci the curve in the lower 
half ahowB that of the recoil 
electron. uinountH of 

HCiittering at (liffiu’ont 
anglcH iniirked 1, 2, .. . 10 
ur(f iiulii'iitcul by the riicliiiB / 
v<?cl-orH Htnrting from tlie 
cauitre of hc uttering, and tln^ 

C()rros])OjuUng (Uiergh^H K 
o£ tli<^ I’ocoil oloctrons are 
V(^|)r{»H{aited in the lower 
(ignr<’ by radiviB vcudor.s of sanies nninbers L, 2, .. , 10. It ^xdll be 
Hoon that in Ihe dirootion aiid then aw 0 incimsew, 

//vclinuniHhi^w and it roacho.s niininiiiin value (AX===2^1o) nt ^‘^180°. 
The dintribuliion of energy of the rcM^oil electron ts complementary to 
Unit of the. wcatterod i)hotou. 

Compton lUTivcd at ttie idea of this oxperimout from an examina- 
lion of th(‘ trackH of y-nxysi and of hard X-rayw obtained by C. T. II. 
\Vilw<)n’‘' imd llobinrh. TIu? latter had went a beam of y-my^ tlirougli 
a cloud (diamb(3i', and photographed fhe tmekw, Tlie y-rays when 
they hit tlio atoinw and jnolecule.s in the cloud eliainbcr releaee 
(dectvons with (tonHidernble volocitioH which pnwsiug through the 
atoinn ioniH(! ilioni. truck of ionisation is visible in the curved 

paths shooting (>nt Ironi tlnulircctioii of the main beam. Compton 
observed fnnn n scTiitiny of tlioHC photographs that some paths 



of til one secondary electrons wev(^ short, others long. i.he two types 
of tracks can^bo tdoarly'Heen from thcMdiotograplidn Ifig. 14, which 

C. T. B. AVilson, Pro(\ Rojf, Soo, d,, 104^ U 
t W. Botlio, Zs, /: Phys.t 16, H19, 1938. 

F, 26 



ri(X* la. SniM'gy cn«trll)miou of uonHiinui plioinn 
nud ropon vJnciron. 
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shows the tracks of* the hard X-rays* He concluded therefore that 
two processes were at work, A y-ray may release an eleetroii eitlior 
by recoil (as in Compton effect), or it nuiy give fcli(» whole of its 
energy to some eleotiw which onierges out with the velocity 
as in photoelectric effect, Those may bo calhscl 
Photoelectroiis/^ The tracks of these two kinds of electrons will 
be cliaractorlstically cliiforeut, 

104* Geiger and Bothe’s Experiment —Though Compton ’s 
experiments form the most unmistakable proof that light consists 
of swarms of particles with the energy Av, and linear momentum 
Av/c along the direction of flight of photons, and that botli tluwo 
riuautitics are retained by the photon until it enconntei's matter, 
yet the diflioulty of reconciling this view with the wave theory of 
light is so great that attempts have been made to show that Com- 
ptou^s results may be deduced on alternative grounds. According 
to a view advocated for a time by Bohr, Kramers and tSlatcr,*^ tlu' 
conservation laws whicl) were assumed by Compton were intorpiv^fced 
\\H being of statistical nature, they were supposed to hold good 
wlicn a large assembly of: particles was concerned, h'or individual 
processes tlioy were not supposed to be correct* 'But tliis view was 
negatived by the experiments of Geiger and .Bottiot wlu) showed tiiat 
the laws held good for eaclx unit mechanism and not nutrely for tlu^ 
average, This they proved by showing that tlie .scattering of the 
photon and ejection of the recoil electron are simultaneous processes. 
This .should be the case on the quantum theory, while on the .statistical 
view of the phenomena, there should be no correlation betwexm iJm two. 

The principle of the apparatus is illustrated in Fig. 15, 

The apparatus consists of two Goigcr-pointrc^ountors P, P 
{vide I, § 13) placed opposite each other witli the wires in the nmm 
lino facing each other. The primary beam of X-rays is j)as.sed 
between the two counters, and is scattered by Hg'-gas. In accor- 
dance with the theory given in § 102, the scattered quanta go to one 
side, the electrons to the other side ns represented in Ifig, lo. 
One counter (to the left) which is closed by a thin Pt-l'oil (for 
preventing the passage of electrons) detects only scattered photons 

* N. Bohr, H. A, Kramers, J, 0- Slater, PWi, iI/ar/„ 47, 7B5, 1924; 

f, Pkya., 04, 69, 1924. 

t W, Botlie, and H, Geiger, Zs. f. Phys., 26, 44, 1924; 30, 639, 1025; 

20, 440^ 1925, 



^104 1 GlilGEIi AND BOTHERS ISXPElitMEDf aOii 

iiiicl niiiy be ciillod tli<! 
the recoil oleetron-s, ub 
well !iH the i)hot()iis 
.scattered on thi.s .sklt^ 

Tins may be eallofl tlie 
(ileetron-eoniitei’. 

WheiHwer a photon 
(!iitei'.s the photon-coun¬ 
ter there, is a sntUlen 
kick ill the r«eordi»>>' 
electrometer due to the 
photooleotrons emitted 
by it Jj’om tlie Pt-foil. 

Blit the kicks registered 
in the eleetron-eoniitm' are directly due to the recoil electronst 
'I'lie impidse.B o;l' the counters were recorded pliotograpluoally 
on a moving lllni. IJotho and troiger observed that over ii total 
period of 6 liours, tlieve were (hi coincidences, that is, the oniissioiis 
of the electron and of the fpnmtum wore sinniltaneous jirooesses. 
'riicy also calculated that on the statistical theory, the probability 
for such II coiucidonce was .1. in 400,000, ^ 

Much work has boon done recently on the further development 
of Compton eilcct. .But avc sliuli not elaborate the subject lioro nhd 
defer it to a later chapter. 

]<'urtlier evideiiees regarding (he (|imntum view of light have 
been obtiiiiicd from the |ihenoinena of combination scattering (the 
Raman ICffpcl) in which the eollision of light (•uiaiita with molecules 
causes a modilieation of the ((uiiiiliim depeadiiig on tlio vibration 
charactoristics of the inoteculc. 'Phis subject will bo treated in 
detail in Cluipi XXIl. 

The picture of light represented here is however not cortiplote, 
us it fails to take account of the phenomenon of polarisaliou, and 
tlie eloctroinagnelic aspect of light. Wo shall discuss this (inostiou 
later on, 
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lOS. Story of Their Discovery, —Urmtg'eii-myM woi*(! dis¬ 
covered by W. K. Rontgen, professor of ijliysica in tiic iiniversUy 
of Wiirzberg iii iJiiVin’iii in (lie yeiir 18S)n. Vi^liile working with 
a Iiighly (!va(!imted oatiliodc ray tubo, he noticed that a soroon i 
containing a d(i]wsit of bariiiin plHtino-eyanide placed accidentally 
in tiu! vicinity began to glow with (Inoresocnt light, lb; was 
tlui.s ivwaro of the generation of a new kind ol’ radiation ^^'hos(! 
origin was traced to the sides of the glass tube ^vlicre the eatbod<> 
rays impiugecl. The most remarkable thing about those ray.s was 
that even if a partition of wood or of other substance.s whioh are 
usually oimciue to visible light wius ])hiced betweon the tube and tlu! 
screen, the fiiK>re.scence eontiiuied. The J‘ay.s ^v'or(! thercifore tiuite 

diiferentin nature from any hither¬ 
to known, ns they possessed the 
property of passing through sub¬ 
stances which ur(! iisiiully classed 
as opaque. It was found that the 
rays blackened a .photographic 
plate even wheii these were 
wrapped in black, paper.. ■ 

Rdntgen Avas aAvare bf tlie tro- 
mepdous importance of these rays 
for siu'gery and medical therapy, 
and gave to the world the first 
Rbiitgenograph of the human hand 
in which the bones were marked 
out from the ilesh (li^g. 1). In this 
chapter wo shall deal Avitli the 
physical nature of the now rays. 
Rontgen found that the rays could not bo doflccted by a magnet. 
Hence they could not be corpuscular but were electromagnetic 
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in uatiii'o like the ercliniu'y waves of light. But ho eucouuterecl 
gi’oat dillioulfcy in (s.stiiblishing their identity with light. ifor 
all attoniptH to oh.serve the usual |)ropertie.s associated with light, 
uiunely, rolleotioii at a plaiu! surfiuie, refraction in matter, 
intorfermu'.c, diiVraction and polari.sation yielded oidy negative 
re.sults. h'or .seveiitceu ycMU’s the nature of the i'ay.s prosoated great 
dillicnlties, till Lau(! in 19.15 proved decisivtdy tliat the Rontgen“ray.s 
wor(! a kind of ultraviolet light having wavelengtlis of the order of 
.1 A.U., /.e., thousand tinufs shorter than that <tf ordinary ultraviolet 
light. The Routgesn rays were also (jailed X-rayn owing' to their 
unknown nature. 

106. Investigations *on the Nature of X-rays between 
189S and 1912.— During all these yeans many important experi¬ 
ments were performed for (ducidating the nature of X-rays. In 189(i, 
,}.Thomson and others observed that those raj's«rendered the air 
or gtts through whieh they passed conducting. X-rays thus possess 
the property of ionising gases like oatliodo rays. This property is 
utilised for monsuriiig their intensity and performing important 
experiments on absorption Ow/e Mipm), 

I t was gradually found tliat X-rays were produced as a result of 
the impact of high s])<>ed eatliode particles on the metallic target 
(unticathode). 'iriie knowledge of this fact gave rise to the common 
form of X-ray tubes usually seen in the market. 

107, Description of a Common X-ray Tube.'^—An ordimuy 
X-ray Udie is sliown In Fig. 2. It tamsists of a eoucavo cathode 0 

R 



FfK* A com moll X-roy tulie. 

iiBiuiUy made of aluminium. Aluminunn is used ns it sputters least. 
The unlienthodo T is gonernlly jn the form of a circular plate inclined at 

^»^or typos of Xn'uy tubes usod in modern investigations will be 
(luftcribod in tv Inior Bcotion, 
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an angle of 45® to the beam of cathode rays. It is usually provided 
with a backing of heavy copper tube which is sometimes hollow and 
cooled with water for carrying away the heat. The distance l)etweeii 
the cathode and the anticathode is such that the cathode ray beam in 
focussed by the concave cathode as sharply as possible on tln^ anticathode. 
Sometimes after contimioua run the tube becomes Iiard, tliat is to say, 
the discharge refuses to pass. This is due to tlie absorpl.ion of residiud 
gas by die walls of tlie glass vessel. To (*,ope with tins situation 
a piece of platinised asbestos is kept in a pocket- at K; this when 

heated evolves some gas which is ionised by cathode rays and 

facilitates the passage of discharge. This heating is caused automa¬ 
tically in the following way: When the discharge refuses to pass 
between anticathode and cathode, it passes through the pocket R, 
because two wires lead out from it within sliort distance of anode A 
and cathode C. The spark jumps on to these wires and the resulting' 
discliargc.^ heats the asbestos. The function of anode A has not 
been very clearly understood, but it is said that it s(o])s the current 
from flowing in the reverse direction. This process is known as 

softening of tlie tube. At the present time a valve is attached in place* 
of R through which small quantities of air may bo allowed to leak in. 

Stokes^ and Wiechertf suggested that X-rays were electro¬ 

magnetic waves wliicli were generated due to tlie suddc'n stoiipage of 
high, velocity catliode rays on the target. A very small fraction of 
the ' energy {vide supra) is found to be converted to X-rays the ,rest, 
of it being converted into heat. Marxt undertook an elaborate 
series of experiments to find out the velocity of propagation of X-rays. H(> 
found that it had the same value as the velocity of light. According h > 
some critics the result was not however unambiguous. 

108. Interaction of X-rays with Matter. —It appears thal 
Rontgen himself was aware of the fact that when X-rays arc* incident, 
on matter, they could give rise to secondary radiations of sox^eral kinds. 

In 1900, Dorn discovci’ed that when X-rays fall on matter, they 
eject cathode rays. This is analogous to the photoelectric offecd. 
In 1905 Barkla obtained unmistakable proofs of secondary X-rayn 
(ic., X-rays emitted by matter which are excited by the passage of 
a beam of primary X-rays), and concluded that the waves were 
transverse in nature. • *- 


Stokes^ Proe^ Mmioh. Lit. Phil Sqc.^ 1898. 
t E. Wiechert, Sitzungsber. d. Phy$. Oes., 1894. 
t Marx, Ann. d, Phys.^ 30, 677, 19*06. 
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Th(i result of interaction of X-rays with matter is sliown in the 
following (liagram (Fig. 3). X-rays coming from the miticathode T oi* 
iin X-ray tube pass tliroiigh. the slits S, S and fall on the matter 11. 
The various secondary euiission phenonicini Avhich tliey can give lise 
to by interaction with R are indicated against the arrows. 'The 
arrows do not indicate the direction of emission, winch on the otlier 
hand spreads more or less in all directions, 

Tlie sciittering of X-rays can be easily deinonstrated by i)ntting 
a piece of matter, say a, paraffin block in tlie pat h of the X-ray Ixiain. 
It is found that if a fluorescent screen be ])laced a nywhere in tlu' 



Transmitted rays 
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ri|if. ;l. Intcniction of X-vay8 with inatfcor. 


surrounding space, it begins to glow showing that X-rays are 
scattered by the block on all sides. Th(^ pheiioinenon is analogous 
to the scattering of light by the atmosphere whicli gives rise to th(^ 
bine of the sky. The i)henoiuenon of scattciring was invt^stigated 
in a states of classic memoirs l)y Barkla,’^' of which an a(‘X‘.onnt is 
given in § 110. 


109. Emission of Characteristic Radiation.—The plieno- 
nienon of fiuor(‘sc(‘n(*(‘ is well-known in oi)tics. If salts of sonn^ sub¬ 
stances in solution b<‘ exposcal to snnliglit and then brought in th(‘ dark, 
they begin to glow with liglit charaetei'isti(‘. of tlie salts, ^dnis a solu¬ 
tion of (luinine sulphate glow witli blue light, an al<*oholi(*. 

solution of chlorophyl witli red light, etci. Tliis iiroperty is shown 

* (I Cj. Barkla, Proe. Roy. Soe, J, 77, 247, 1906. 
t Fluort^seeiit screen contains a layer of hariinn platino-cyanidts 
wliieh begins to glow (or fliioresce) as soon as X-rays fall on it. This must 
b(^ (iistinguisluHl from the fluorescence described in § 100 where X-rays 
are emitted when primary X-rap fall on matteij ' 



iccessary, any strong soiirco ox iignt woutci ao. 
f to bo noted is the fact that the nntnro of! th(^ 
very little to do wMi the nature of the light 
rimulatod light ia characteristio of the substanoxs 
ired by Stokes that the excMing lighf mrml 
, miM 1mm larger frequency thun ike light 
known ns Stolm' Law of IPlnoremenoe* The 
]a^Y was not undorstood for a long time, but the 
lit makes it absolutely clear. For the law simply 
lat the energy of the exciting quantum must be. 
gy of tlio quantum excited, 
analogous to this was discovered by Harkla and 
the region of X-rays* l''hoy tonud that when 
0 a primary beam of X-rays, then in addition to 
which does not differ in nature from tln^ pidmary 
diations of a quite diffcrciit type arc emitted by 
bra.st to scattered radiation these rays are charae- 
r which has been exposed to primary X-rays, and 
m as oha;ra(yt&mUe radiatm^^ The only provision 
: radiation must be sulflciently harder tlian the 
nev^lted by fluorescence, Tf they are softer, no 
tion is excited. Barkla and Sadler perceived in 
inalogy to Stokes^ Law in the region of optical 
matter of fact, itisuncrely Stok(w^‘Lnw applied 

nena depicted in ]^g, 11 due to (•ueonnk'r of nuitl^a* 
cluiraotoristi(‘, electron emissit^n, and scattered 
The former is analogous to photoelectri(‘ eff<ad, 
iH they fall on matter liberate eioetroiis acicording 
The phenomenon has already btam 
V, The Compton .scattering, discovered by A. H. 
a softening effect of the incident radiation duo to 
t imparting a part of its energy to the electrons, 
s energy from the quantum, this electron appears 
This emission is known as scattered electron 
been already treated in Chapter V. 


id Sadler, Phil Mag,^ 16 , 660, 1908, 
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llO. Study of Absorption of X-rays,— Tho niOHi; inipovtuni; 
iv. which clistini^niHlu^s X-rnys Ironi other niclijitions is thoiv 
liigh peuctratin^^ power. But it wan early found that X-rayH 
of diffcrcMit qualiti(^s dill or widely in tlieir penetrating poAver, If 
the potential applied to the X-ray tulx^ is small, the rays'which im\ 
(knitted are nf)t very pcuiotrating, while if tlu^ potential is made larg<>, 
rays of great pemdrating ])ower ean lu^ produced. "Che potoutiuj, 
can be roughly uu;asur(Hl by placing a • spark gap bcitweon tAv<» 
nuital spheres in parallel with the X-ray tube ; the length of tin? 
gap between the sphen^.s Avhen a s])ai'lc just passes dotGriuinos 
the potential jicross tlu^ X-ray tube. In radio-therapy, and metal- 
radiography potentials as high as (iOO KV are used. Rays of great 
])enetrating poAvor arc' also necessary Avheu heavy nudal castings are 
examined for flaAvs in their structures, Penetrating rays are also 
called hard rays^ and non-penotratlng rays are called mft rays, 
shall see later on that the shorter the Avavelongth of X-rays, 
the harder they arc* 

The absorption 
of X-rays can bo 
quantitatively 
studied Avith the aid 
of the foll()Aving 
appiiratuB (Pig. 4). 

X-rays are gene¬ 
rated at tlu) target T. 

The rays are restrictc'd 
to a narrow beam by 
moans of a load slit 8 
and allowed to enter 
an ion i flat! on oh am her 
I, On opening a koy in 
the circuit (not ahowji) 
discharges pass 
through the olectro- 
meter which slioAVS a do/loction. Two deflections are obtained, ojao with 
the absorbing material A, in the path of tlio boajn, and the other 
witlioiuit. The ratio of the two deflections is taken as the ratio of the 
intensities of X-rays entoring the ionisution ohambor in the two cases; 
and this gives a mousuro of itio absorbing power of the mntonal, 
The procedure is repeated Avith X-raya of (lifl’olGiit hardness, The roflults 
are discussed iu tlic following aection. 

F. 27 
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111. Results of Investigation. —Early workor.s fnutid fcliafc t;!io 
primary X-ray.s omitted by an X-ray tube do not oljoy the well known 
Beer'.? law in optics. The Beer's law is 

whevQ lo =« tho intensity of the primary beam, 

/ — the intensity of the primary beam after the absorber 
is interposed, 

d = the thiclcness of the absorbing material, 

^ =: a constant known as the ahso'ption coefftcienL 

Tims 

A^^hen^M 7o//was plotted against 7, the thickness of the absorbing 
sheet, it was found that tiie graph was not a straight line. Also by 
increasing tho voltage across the tube, the nature of the graph 
changed. It w^as supposed to be due to the fact that tlio i)rimary 
X-rays were not homogeneous but that they consisted of ray.s 
of different peneti^ating powers. 

Let Jo bo intensity of total radiation, consisting of different 
intensity components Ji, Ja, Jo,. In having absorption coeffi¬ 

cients gi, fig, fi8 . *., for a pai’tioular substance, thou the total 
intensity J of transmitted ray will be given by tho equation 

. 

Hence it is clear that Beer^s law in its simple form will not liold for 
heterogeneous radiations. 

Barkla and Sadler found that when a copper foil was iiTadiatod 
by means of primary haa’d X-rays from tho target, it omitted a 
fluorescent radiation all around, which had the remarkable property 
of being homogeneous and charaotei'istic of coi)per. In other 
words when different thicknesses of aluminium were j^laced in the path 
of these secondary radiations, bt-Ijlo plotted against came out to bo 
very nearly a straight line. Thus this radiation was found to possess 
a definite penetrating power. It must be remembered, however, that 
tlie primary X-rays give rise to scattered rays when they fall on the 
copper foil. This scattered radiation was the cause of the slight 
deviation from Beer^s law, observed in the case of the fluoroscont 
radiation examined by Barkla and Sadler. But for heavy elements, 
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the olfect of the sctitt(‘re(l radiatiou wiis aniall compared to that 
of IliioroBcciit mdiutioii, tSadler,* however, elimiuat( 3 d it in an 
ingenious way. His nrruiigeiuout is diagmnniuitioally shown in .Fig, 5. 
He allowed primary X-rays from the anticathode .A oi’ an X-ray 
tube to i)as.s through tln^ slits H, »S and then to .fall on a copper foil Ri. 



rig, 5, UarklA And 8Adloi>'B ApparAtiia for ftiudylng U)<i aboorpaon of oliArAOiorJaio 

radlAdon, 

Tho foil gives I'jso to scconclnry cbarncteristic rodintions nnd a 
feeble scattovod vadintion. These full on unothei’ nickel foil R2 ns 
shoAvn in the iiguro. Tho nickel foil emits its clmmctoi’istic radiation, , 
tho hoinogenoity of ^s'))ich can be studied by means of an 
ionisation chamber I«. By this device tlio scattered radiation 
was almost totally suppressed, 

It was found by Barkla and Sadler that tho charnotoristic 
radiation of copiier can excite chnrncteiiBtio radiation in all elements 
like Ni jn'cceding' it in tho periodic olassificntion. Bat the copper 
radiation cannot excite zinc to emit its characteristic radiation. 
From theSG crude exporimenlH, Barkla further discovered that 
when comparatively heavy elements like W and Pt are iarndiated 
with hard X-rays, two kinds of fluorescent radiations widely 
differing in penetrating power are emitted, This discovoiy 
was made by Barkla in the following way. Tho copper foil 
Rj in Fig, B was replaced by a thin sheet of W, and the foil 
R9 was pennanently I’omovcd. Allowing comparatively soft 


* fj, A, Sadler, Phil. mj>, 18,107, JflOO. 
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])riinary radiations to fall on R^, the liardneHS of the fliiofvsmf/ 
Tfidiation emitted was studied by observing' its absorption in an 
Al-foil placed between Ri and Ii, I:Ie found that for a eortiiin rnug(‘ 
of hardness of the primary radiation, the oharacteriHtic radiation 
showed no increase in hardnosst that is, was hoiuogcuooiiH. ihit 
when the hardness of the primary beam was increased to a tu'Jtieiil 
value, the fluorescent rays showed a sudden rise in luirdnosH. '^riiis 
was attributed by Barkla to the emission of a diflTcrent cliai‘a<der- 
istic radiation by W of greater penetrating power, '^PJuih two 
characteristic radiations ai’e emitted by W. The radiation of 
greater penetrating power was called K, and that of Hinaller 
penetrating power L radiation, 

Measiu'ement by modern X-ray spectroscopes Ims shown that 
the K and L radiations are, however, composite of difleront 
radiations Ka, . . (for the K-radiation), mid La^ 

.... (for L-radiation), the subgroups cliHering slightly in th(‘ir 
penetrating powers. These small difiForencos could nol> h()W(?V(*r, 
be detected byBarkla^s rough measurements. Lithe ease of lip;ld(‘r 
elements Barkla observed the K-radiations only. l^n* the L* 
radiations in these cases were very soft and wore theroforo al)Sorb(^(l 
by air, 


. Tt is thus clear that if wo study tlie absorption of mmary hmm 
by AY by changing the haa-dness of tho fomov, wo hIihH find tinifc 
the absorption increases suddenly for some critical hardness of tin? 
primary rays. This is due to tho omission of L-chiiriuitei’islie 
radiation by AY, the energy of which is absorbed from tlui iiriiiniry 
beam. If the hardness be inoreased still further, thoro will bo 
miother sudden rise in absorption corresponding to tho oinissioii of 
K-radiation. For these and later devGlopmeiit,s sec Cliaptor X1. 

The quantity p, in Beer’s law can bo written as 


/= Joa 



where P is the density of the absorber. Let ptUm, 

mass of matter traversed by a peneir ono' cm.® 
Hence . , • * 


whore uf i« ibo 
in crosH-HCMflinn. 


p/p is^ kpown as the viass-absorpUon ooe/fmml of tlm subBtimoo 
Som^mes.mstead of p/p. thequantity p.i/Lp is ; 

of absorption. Here ^ is theuitomic weight, of tho pbso-iipivS L 
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the Avo{>:adro number. Simjo pLjA denotes the, number of 
atoms in unit volume of the sub.stauoe, wo may iutrodiuH! -a new 
constant and i)ut 

..—.t A. 

It is Icuown as the aloniiti ttbsorpHon meffiaiiml ami is denoted by 
It roin'GSciits absori)tion by an individual atom. Boer’s law 

takes the form 

A !il£' 

p L A 

I ^ Jo 0' 



where n is the number of atoms traversed by X-rays per niiit urea* 

After the dovolo])inent of the crystal niotliod of analysing^ char¬ 
acteristic X-rays, the absorption coeflioients of a large minibor of 
substances have been determined for a wide range of wavelengths 
(X 11,000 to 80 X. U.)* A table showing some of these results are given 
at the .end of this chapter, The |x/a-vHlues (mass-absorption co¬ 
efficients) are given. The valncs for wavelengths longer than X 2250 
X, U. have been recently obtained by Jonsson. .For a full review of tlio 
results special treatises (Compton^s X-r«v/.s‘, p. IS'l Ilandhueh dvr 
J^xpenmeidal Phydh\ 24, Kirolmer, pi), 2,-50 to 2!57) should b(? 
consiiUod, 

' For efficient methods of i)roductioii of Ihiorescont radiation so(] 
§145 on Spectroscopic Methods,^\and for the relation of absorption 
coeflioiont with atomic constants see Chap, XJ. 

112. Scattering of X-rays#— The s(^aUcrjng of X-rays was 
investigated by Crowther and more in detail by Barklii between the 
years 190,S and 1926, Thay found tluit scattering occurred at all 
depths and inoreasod in anioiuit witti the thickness of matter travers¬ 
ed by X-rays. It was also found that elements of low(5r atomic weight 
up to sulpluir scatter very much the saiiui, mass for mass, but for 
lioavicr elomonts tlie relations are a bit <a>m]dex, Barkhi introduced 
a coeffleiont of scattering a which is similar to tlu', absorption 
coefficient [A introduced in §111, The loss of intensity of the ])riniavy 
r.nys duo to scattering is expressed by the law 



214 


RONTOm RAYS 


[VI 


whevo p = density of the scattering matter and m — mass of scatter¬ 
ing matter traversed by X-rays per unit cross-section. It avjus 
shoAvn by J * J. Thomson that 

iL §5, ^ 

P 3 ‘ A 

where L — Avogadro mnnber, A. — atomic wt., and Z == atomic num¬ 
ber. As Barlda was guided by this tlieory in Ivis Avorks on scattering, 
a brief account of it is given beloAV. 


113* J. J. Thomson's Theory of X-ray Scattering.—It can 

be proved from the electi^omagnetic theory of light-, that Avhen a 
])article of charge e moves Avitli an acceleration it generates an 
electromagnetic field in space. The value of the electric and the 
magnetic fields* due to this at a distance r is given by 

, ( 1 ) 

p r 


Here (leriotes the normal acceleration, i.c,, the component ol: ncce- 
lorntioii in a direction noimal to the line oi: siA'ht of iJie observer. So 
we can express ns 

}>,t = y> sin &, whei’e 0 = the angle between the direction of 
acceleration and the line of sight. 

This can be undoratood Irom Fig. 2, §96. 

The energy flux, «.c., the rate at which energy is radiated by tlu^ 
l)article (the so-called Poynliny vectm) is 


■S' 


{KH\ 


.jnUkL- 

4n: c'* 


( 1 «) 


This is the fundamental equation of radintioii by an acceloi’nted 
charged particle. 

J. J. Thom,son applied this theory to the phenomenon of X-ray 
scattering, He supposed that the X-rays were, like light, electromag¬ 
netic waves in space accompanied by electric and magnetic liekls 
which are at right angles to each other and to the direction of the 
beam. The matter through which the X-rays pass is supposed to 
consist of atoms each of which contains a number of electrons, These 


* For a ])voo{ of this relation .see Compton’s X-rat/s, Obnp, IT, pngo d(), 
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electrons arc sot in iiccclerntod motion by tho poriodic electric fusld 
associated with tho beam o£ X-rays. As the electrons are acceler¬ 
ated they begin to radiate energy on their own aceount. 'J’ho sum 
total of these radiated energy forms the total .scattered energy and it 
is at tho expense of tho energy of tho primary beams. 

Let us take an nnpolarlsed beam OP of X-rays (Fig. (1) falling 
upon some electrons at P, Wo 
want to find the amount of energy 
scattered at 0,. Draw two linos P.1. 
and P2 in the plane perpendicular 
to OP, PI being normal to tho 
piano OPQ, and P2 in the plane of 
OPQ,. Then the electric vector 
at P can be decomposed in the 
directions PI and P2. Lot these 
components bo Ep, and Ep,. Fur¬ 
ther since the primary beam is 
unpolarised, the electric vector lies 
in tho plane perpondioiilar to OP 
at random. So wo can set Epi ^ Ep,^’ Ep . 

Now the electrons at P are subjected to varying o. m. f. along PI, 
P2. The motion of tho oloetron along any direction can bo written as 

= _ gjE?,, .... (2) 

whore 95 is the displncoraent-vootor along either PI or P2, and/"is 
the force of restitution. In tho general case tho incident radiation 
is continuous. Honco it can be written as 

Ep = J Ee‘^'‘ dp .(8) 

Tho jnotion is also (puto complex and oair bo written as a Ifourier’s 
series 

95 =. JI # . . . . . (4) 

Lot the natural frequency of tho electron bo 

Pt => //fim .( 6 ) 

Then it follows from equations (2,13, 4 and 5) that 

%W-p^) - ~ — ./?, x- - f Ee'i’^ d}) 

® ' m m Jpo —p 

and i) X ^ f —^dp 
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In the visible region we assume that p < Po- This assiim.ptioii 
■will give us tlie Rayleigh formula of scattering for the visible range. 
But for the X-ray region we can suppose that p <C Pq> This gives us 


where v denotes the average acceleration along the directions PI or 
P2 along which the components of the electric field at P act. 

Hence according to (la), the energy radiation at P due to the 
acceleration along PI is 


■ i^)' 

V m / 


for, W;* = ?; sin (PI PQ,)==^, since PI is normal to the plane OPQ. 
Again the energy radiation due to the acceleration along P2 is 

feEp\^ 


^ f eEp V 
\ m / 


where 6>=the angle between the primary and the scattered beam. 

For, here n* = i sin (P2 PQ) sin cp^^; cos B- 

Hence the total energy 8 scattered at Q is given by 

8 = 1 . (l+cos'-'e).(7) 

Now according to MaxwelFs theory, energy density at P is 

^Ep ^ _ 1 jp 2 

4a: 2%^ 

and this is equal towhere I = intensity of primary radiation at P. 
e 


Hence eliminating Ep ^ we have 


8 1 (l+cos‘-*6>) 

Im (rr^ 


ko[l+cos*0) 


The total amount of radiation scattered in space is obtained by 
integrating the above expression over the whole surface of the sphere 
of radius r about P. 


We have 


2jtpl+cos*6i) r* sin $ d6—4n (1 + i) 





217 


§113a] EXPERIMEISITAL STUDY OF SCATTERING 


Hence the total intensity of scattered radiation 






( 10 ) 


Hence 



___ 8 7t e‘^ 

I 3inV 


( 11 ) 


Piittinji; tlie values of e, yy/, and c in (11), we get /‘?o/ J=()*BX10’^^ 
This* gives tlie scattering due to one electron. Suppose now tliat 
there are ii atoms per unit volume, and each atom eoiitains Z 
electrons. Tluni the total scattering by the mass contained in unit 
voliinie is 


a 


83t 




■nZ 


( 12 ) 


If p = density of the scattering substance, tlien the mass scattering 
coefficient aecmrding to the definition is a/p- We have furtlier 
'/r—*L/(A/p) = {pL)/A- Hence the mass-scattering coefficient is 


P 3 A. 

% 

Now = 177 X 10^ — =r645X 10*’. Hence 

ii/r e 


(13) 



(14) 


That is, the mass scattering coefficient is proportional to Z/A of 
the scattering substance. The siniple theory sketched above applies 
only to amorphous solids. In case of crystals, liciuids and gases 
tlie theory has to be supplemented by factors depending upon their 
internal structures. Much recent work has been done on this subject. 
For an account of tliis see §§ 133, 134, 155. 


113a. Experimental Study of Scattering. — The pheno¬ 
menon of X-ray scattering was experimentally in vestigated by Barkin'** 
and later on by Hewlett.f The apparatus used by them are 
simihir in essential features and has been shown in Kg. 7. 
The main purpose of these experiments was to determine the 
intensity of scattered X-rays for different angles of scatr 
tering, and then to find out the sum total of the intensity 


C. G. Barkla, PfdL Mag. 21, 648, 1911. 
t (1 W. Hewlett, Phys. Rev., 19, 266, 1922. 
F. 28 
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of the scattered radialion. The latter would be eqiuil to So 
in equation (10). Primary radiatioas from, the aiitLcatliode Tfali on the 
seatterer E. The scattered radiations are emitted and are received in 

the ionisation chamber J. 
The latter is carefully 
screened from the direcvt 
effect of the primary I’adia- 
tions. The variation of 
intensity of scattered radia¬ 
tion with 0, the angle be¬ 
tween the primary a.iid the 
scattered beams can be 
studied by cha,ngiiig tlie 
position of the ionisation 
chamber. Hewlett nieasured 
the variation of intensity of 
the scattered, riidiation over 
„ . angles 6>=0tn —180°. Then 

coefficient of matter. ciirve was di'awn iti wliicli 

the ordinates represented the scattered intensity S and tlu^ 
absciss?e the angles of scattering 6. The integrjitiou necessary 
to get the total scattered intensity Sq was i)erformed both 
geometrically and mechanically. Recent workers have improved 
their apparatus, for example, Coade* has designed a licnii-spherical 
ionisation chamber which surrounds the scatterer. In this case the 
integration of (S, 9) curve is not necessary, for the scattered rjrys 
from all sides enter tlie chamber together. 

In this way Barkla found that the mass scattering coefficient cfp 
for light siihstances was very nearly'2, We find from (14) that this can 
be explained if we suppose Z/A =i, the number of electrons per 
atom is approximately half of the atomic weight. This rcsidt wdrich 
was obtained at a time wheu there were wild speculations regarding 
the mirnber of electrons in an atom (it was siipx)osed sometimes that 
the number of electrons was equal to atomic weight multipli<‘d l)y 
1830) helped much to clarify our notions of atomic structure. ''Pln'se 
results were published almost siiniiltaneoiisly with Riithc'rford^s 
estimation of nuclear charge from observations of large', a,agle 
scattering of a-rays by matter. 



* Coade, PhyR. Rev,, 36, 1109, 1930. 
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A typical set of results for liglit elements is shown in the follow- 
ing table due to Hewlett ’wlio used very nearly inoiiocliroinatic rays 
(Kq^o£ Mo) for these lueasuremeiits. 




Rcnlitei'ing Snlistu ncc^ 

(1) 

' ^ '^obs. 

2Z 

1' 

Diamond C 

O'199 

1-00 

(hnphitc (J 

0-201 

1-00 

Litliium Li 

0-16B 

0-84 

llmzieno DeHo 

0-288 

1-17 

,iMesitykm(‘ thdi 3 (Lll 3)3 •• • 

€-244 

1-20 

Octane ChHis 

0-248 

1-24 


It will be seen from tlie equation (18) tluit tlie nuisH-scatteiing 
coefficient is indeixmdent of wa,v(dength of iwinuiry X-rays; but 
this was foiuKl hardly to })(‘true (‘.vcn In liglit clenKuits like carbon. 
Hewlett* |)rove(l that the value of tlK3 niass-scuittcring coc of 

carbon iii)i)roxima,t(‘s to tli(‘ th<‘orcti(‘al value only when the irrinuiry 
rays have the wavelength 0*8A.Ih As the wavelength, becomes 
shorter Jind sh<)rt<?r, th(‘ intcmsii.y of sea,ttcring falls below the 
value |):r(Mliet(3(l l)y the theory. Many att(3in|)ts wer(3 uuide to e,,xi)hiin, 
this fact on tlic classical theoi-ies, but were unsuc(‘essfiiL /I?he 
di,s<3()V(u*y of tlic (Joinptou cilcct and tlie new qnantuin nu'trhanics luivc 
tided ov(‘.r liu3 dillieuKy siiecessfiilly. 

Thomson’s theory predicted, that tlic raass-sciittering co(vHlcicntf 
would (hqxuid on lli(‘, atoniic iiumber of the scatt(U‘(3r. Tlun X-ray 
scatt(vring for luaivy elements was investigatc'.d hy Ihirkla atid 
Dunlop.f Th(^y found that ajp varied with Z, and for thc3 same 
clement it changed rapidly with wavelength. 

In Kig. S, Ihirkla and curves have been shown in which 

the ratio of ojp of Pb, Ba, Ag, (Ju, to a/p for A1 is ])lotted 
against tht3 wav(dcngtli. Aliiminiurn was selected hccause the 

Ilewhitt, rhi/s. fbr., 19, 286, 1921 
f Jiarkiaaml Dunlop, FniL Mag,, 31, 229, 1916* 
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scattering coefficient of this element did not vary inuclx with increas¬ 
ing wavelengtli. It is clear from the curves that the scattering 
increases rapidly with wavelength in the case of heavy eknnents. 



The infceri)retation is that when the wavelength is long coinpared 
with the distances between the electrons in the atoms, the phases of 
the rays scattered from the different electrons are nearly the Siirnc, 
and so the total intensity increases. If the Z electrons act like a unit, 
the Thomson equation becomes 

(y I (Ze)^ ( ^ , 2 /A 


2ni^o‘^r^ 


(H-cos'"^^) 


.(15) 

where is the scattering due to single eleetron. 

It has been found by Allen* that actually the is followed 

in the case of heavy atoms, in which we have a large number of elec¬ 
trons concentrated in a small space. On the other hand, for lighter 
atoms the i?-law is followed, as in their case the electrons are situated 
at comparatively large distances apart, and may be siip)posed to he 
scattering independently. 


Allen, Fhys, Rev,, 24, 1, 1924 
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114. The Polarisation of Scattered X-rays. —•Barkla* first 
showed that the scattered X-rays are polarised. Ilis apparjitvis lias 
been scheinatically represented in Fig. 9. 

X-rays from the tube R, limited 
by a slit, are allowed to fa.ll on 
the carbon block P. Tlie scattered 
X-rays fall on the second carbon block 
at and are re-seattcred. The first 
blocl< acts as a, polariser and the 
second block as Jin analyscu-. The 
ionisation chamber I is |)laeed first in 
the position Ii and then at It was 
found that the intensity a.t li was 
inaxiinnni, while’sit I 2 it was nnninvuin. 

In ''rhonison’s th(U)iy the iniinary 
rays ha,v(i been supposed to b(^ 

iinpolarised; but we can always resolve an impohirised beam into 
two beams p(>la.ris('d at ri^ht u,ngles to each other (say along X and Y 
directions), so that the electric vector is always perpendicular to tlie 
direction of propagation. In a diixxdion $, there will be two f^caitter- 
ed beams polarised at riglit a,ngles to (nich other and liaving the 
intensities 



2 ‘i “T.and - 2 . 2 1 

2r )ii rr 2/’ /;/ c' 


a,s lias IxHMi already derived in §113. In Barkhihs (:ixi)eriineiit who 
tliebcanii S(uitt<ired at jt/2 (v’.c., along X) was examined, the intensity of 
tlie latter c,om])onent was 7xu*o. In oilier words tlio electric vector of 
the scatter(ul ray l^A was only along Y. If this iiolarised scattered 
raxliation falls on tln^ second seattcrer, a similar argiinicuit will sliow 
that tluuui will 1)<‘. no ray along AI 2 , for it lies along tlK‘, cl('x‘tric vector 
of the first s(*a,tt<'r(‘<l ray as well as of the second scaLterculniy. At 1 1 , 
however, tliet intiaisity of the rci-scattered rays will be inaxiiiium for 
reasons vdiicJi are obvious. Barkla/s discovery proved conclusively 
that tl:i<‘- X-rays are clectroinagnetic or waves. 


115. Diffraction of X-rays—Early Works .— In order to 

(‘stablish tlu‘ wave-uatiire o£ X-rays, attempts were made by Efintgen 
hinis(‘lf'to ()l)S(‘rv<^ tlu^ir ditlraction and mtcrf(vrenc(‘.. ITe tried to 

Ihirkla, Frov., Ihij. 77, 247,1906. 
y A1 1 is parallel to Z-axis, and AI 2 is parallel to Y-axis. 
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observe whether there was any variation of intensity within tiic 
geometrical shadow o£ a slit illuminated by X-rays, but the result 
was negative. The experiment was repeated by Wind and Ilaga, in 
1901 with a V-shaped slit (it consisted of two straight jaws infcersca,*!:- 
irig at one end, the other ends being a few p wide, so that tlie narrow 
end of the wedge-shaped slit is only several pp in width). The result 
obtained was that the slit image was found broadened at the narrow 
end. If the effect be ascribed to diffraction, the wavelength 
of X-rays employed could be obtained on measurement of the 
distribution of intensity at diflPerent x)oints of the image of the naiTOW 
end of the slit and determination of the observed positions of the 
maxima on the negative. Our x)i’<^sent knowledge of X-ray wave¬ 
lengths inclines us to the belief that the effect of diffraction 
had actually been observed in this experiment. Some doubt was, 
however, tlirown on the conclusion by tlie siibseiiueiit repetition of 
Haga and Wind^s experiment, and careful ineasurcunent of the plates 
by the photometric metliod by Walter aruf Polir'’' in 1908. They 
observed that the amount of broadening dei)ended largely upon tlu^ 
time of exposure, and otlier niiiior effects produced by the ])hot()- 
grai:)hic plate, and consequently the experiments moutioMed wcu'e 
not regarded as coiiclusive.i' Attempts were made to calculates the 
wavelength of X-rays by observing the velocity of secondary 
electrons ejected, on tlie basis of Einsteiiils photoelectric eciuation, 
mid the value was found to be of the order 10” ^ cm. Though both the 
method and the results were correct, the photoelectric ccinatiou had not 
acquired tlie prestige it has got now ; so the method did not eornniand 
general confidence, though it iiroduced a general impix^ssion tliat 
X-rays were electromagnetic waves thousand times shorten- than 
ultraviolet light. 

, 116. Laue^s Discovery. — After a nvmiber of fniith\ss 

attempts, the X-ray diffraction Avas demonstrated witli uridremmKl- 
of precision by Prof. Laiie+ at Munich. He dirc'cted liis attention 
to the use of a suitable diffraction grating, as is used in optical 
diffraction experiments. The requisites of such a grating can be 
easily seen from the fundamental equation of diffTaction of light of 

Walter and Pohl, Ann. d. Phy,% 29, 331, 1909. 
t For diffraction pattern of X-rays obtained witli slits, [i; IGO. 
t Lane, Friedrich and Knipping, Ber. d. Bay. Akad. d. IFa.s‘.s*. 

303, 1912. 




any wavelength h 


The f iiiidameiital equation is 


sill B 




(16) 


wliere 0 ■= the angle oE ditfractioii, and n = tlie integcn* indicating 
the order of tlicj diilTiiction S[)ectra and d is tlie grating sjiace. Tliis 
shows tliat in order to have a measiireable value of B in the first 
order, d slioiild not be nuich greater tlian A-; for if be 5^* X, 6* 
will be too small for practical [lurposes. In other words, the grating 
space must not be inu(di larger than the wavcTmgtli of tlie diffracting 
light. Thus a grating with 5500 lines to the cm. (/.c., d TS X 
cm.) would 1)0 quite all right for light of the wavelength A — 5892 X 


lO”^ cm., for 6 ~ sin"^ 



, but it would be quite useless for light 


having A ~ 10“'* cm. Sucli light would require a grating having 
1000 times as many lines per cm., the grating space should be of 
the order of 10 cm., ic., of molecular dimensions. 

Tjaue showed tliat tliough it was impossible to luaiiufacture sucli 
gratings artificially, Nature' herself had provided such, gratings. 
Tliese arc the crystals. The crystals according to a school of 
cry stall ographers including liravais (1829), Schouflies (1879) and von 
I'edorov (1892),* owe their characteristici geometrical shaiie to the 
arrangement of the constituent atoms in siiaee according to a regular 
geometric pattern. '^Po take one illustrative exami)le :— 

NaCl (vrystaJs occur in the form of a, regular cube, or can be 
sliowu to Consist of a number of E e p 

(d(mumtary cubes ])la.ced in close 
jiixtapositioii. We can explain H 
this formation l)y sii])posing tliat the 
sodium and th e cli 1 or in e ivtom s are 
phicc'd altermitely at the corners of a « 
cube a,s i'r:i ,l^'i,g. 10. A structure 
likc‘ this forms an elementary brick 
in tli(‘ formation of an NaCJl crystal, 

I) c C 

ajul if we arrange a number of such Fig*, to. The Naoi Crystal. 

bric‘l<s snitalily, we shall imitate the 

actual proc(‘ss of growtli of the crystals. If the ^‘growth/*’ be 
p(a-fect, the ultimate Htructure would be a cube, very much like the 



For an account of the subject, see Sec. II, § 120| 
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elementary one. On this ^iew, the crystal of NaCl consists of 
S'paee-laitiees formed by the intersection of three sets of parallel 
planes which are mutually at ri^ht angles, and intersect at equal 
intervals, the points of intersections being alternately filled by 
sodium and chlorine atoms. Supposing that the atoms represent 
opaque space, then the picture is the same as if we had taken a 
number of plane gratings having space of the order of inoleciilar 
dimensions, and placed them one over the other, in a pile, the 
alternate gratings having their lines peri.)endiciilar to each other. 
Such a grating may be called a space grating. 

Lane calculated the actual diffraction by such gratings in tlie 
following way:— 

The position of the atoms may be denoted with reference to a 
set of coordinate axes (x, y, z), the planes of reference coinciding 

witli the principal planes of the lattice 
structure. In the case of cubic planes, 
as in Fig. 11, the axes are imitnally at 
right angles. Let the position of an atom 
be denoted by nia., na, pa, where rn, 
n, p are whole numbers. TiCt now a plane 
X beam of X-rays with tlie direction cosines 
(^05 Poj To) be incident on the atoms. 
Lane supposed that as the plane wave 
falls on an atom, the electrons coinposing 

F%. 11. Diffraction of x-rays by the atoixi are throwti into vibration 
crystals (Lane). olcctric vcctor associatcd with the 

beam. In fact, the phenomenon is identical with that con¬ 
templated in Thomson scatter¬ 
ing. But as the atoms are regiilaidy 
arranged, there is regular phase differ¬ 
ence amongst the waves scattered by 
the atoms of the lattice.. For example, 
let O and A be two atoms and I be the 
incident beam. Let OA be the direction 
of the x-axis, and OP be the direction of 
the diffracted beam. Then, the path-dif¬ 
ference between the rays diffracted from 
0 and A can he seen from Fig. lla to be 
a(a-ao) 

where ap—cos AOI, a=cos AOP and a=OA, 




Fig. 11«. Diffraction at a 
plane grating:. 
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III tlie geiienil esiHfs wo hav^^o also to find out the path difioreiic*e 
caused by tlu‘ atoms plaeod nlouj^: the y and z-axis. Tliose are 

n (|i - po)i -‘»i^d // (7 - Y 0 ) respectively. 

I t is (dear that tlio diffracted beams will iiiteiisif'y each other il* 
the followinj;* ooMclitioiis are satisfied :— 

(/— h (/(7 - Yo)=//,}L . . (17) 

wlim’c //i, lh>, //;>* ar<‘ tlvn^o iMtoj»:(u,’s. 

Thoiigli we liave used tli(‘ toriii ' diftracdxul l>eain it is clear 
that wo arc (lealiiiji: with iiiterfcu'oiice of beams s(uittored by the 
atioais. The seatterinii; is now (‘ohcaT.nt, wliereas in the case of 
amorphous substauces (whor(‘ there is no order in th(‘ arraiij^’emcut of 
atoms), the scattering’ would b(‘ iion-cohorent. 

H'roin ecpiation (17), we ol)taiii 

I 


a--ao '1-//1 
(i "^(io 
Y^Yo+^!i 


a 

I 

a 

I 


(18) 


By s<|iuiriiig' and adding those teiaus, and making; use of the 
relation + Yo “—^Ye obtain, 






21 


(// lUo + Ay (Jo Yo) 


or 


(Aiao+//2(Jo+A}!7o) 

.. 


(19) 


If we suppose that tlu* direotion of the iuoidont beam 1ms 
along the z-axin, we liav(^ 

ao«Po*“ 0 , Yo^- 1 * 

So that 

\ rsB -f 2fhy- '■ a" t'7 ■ \i i . 2 . 

/^i +//2 +4i 

The munliers Ai,// 2 , Ajt demotes the order of diffraction. 

Wo have fiirtlun’ 

hi A'l _ h\\ 

“a Y +1 ‘ • V 

So if we allow a linear beam of X-rays to iiass through a 
(crystal and allow it to fall (>ii a ph()t<)grai)hic phite, 
obtain on the plate spiots corresponding to luaxinia given by (19) 
F, 29 


( 20 ) 


( 21 ) 
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arranged ill a symmetrical manner, depending upon the orientation 
o£ the crystal axis with respect to the direction o£ incidence. This 
experiment was first tried by Lane, Friedrich and Knipiiing and 
is described in the next section. 

It is clear from, equation (19), that only one i)articular wavo 
length can be diffracted by a space grating when (Mination (It)) 
is satisfied. The next wavelength to be difl:ra,eted nuist satisfy 
the equation (19) with different sets of values of {hii ^21 ^Idie 
intermediate wavelengths may not give rise to a diffraction nmxiinum 
at all. Here lies the difference between a space grating and a 
plane grating. 

The intensity of the maxima is difficult to find out, and is 
beyond the scope of this work. It will suffice to mention, that as 
this is a case of Thomson scattering, the intensity formula, given 
in §113 nnist hold good here. It is 

Q_ y 1 ~hcO vS^6> 

/I'M O 


Here is tlie nlimber of electi’ons contained in the scattering 
centres (atoms), (l+cos*^^) is tlie polarisation factor or tln^ 
Thomson factor. 

In the case of Lane phenomena, the intensity rolation is not 
so simple, but the equation referred to above is to be nuiltiplied by 
two factors, (1) structure factor P, (2) atom factoi' F, These 
two will be explained at the end of tlie chaiiter. Tlie intensity 
relation can be written as 


8 

I 


l + cos^<9 
2 


SPl F 


We shall return to this formula in a later section (§133, 1154). 


117. Experimental Verification of Lane’s Theory.—Tin* 
verification of Laue^s theory was nndertaken by Lane, Ifrledricli 
and Knipping in 1912. The original apparatus used by them is 
illustrated in Fig. 12. For this purpose, a beam of X-rays from 
the tube T rendered parallel by a system of lead apertures Si, S 2 , S;> 
and reduced to a fine pencil by a narrow circular hole was allowed 
to traverse a crystal C, and then impinge on a photographic 
plate P. The first crystal tried was ZnS (zinc sulphide) and 
the results obtained were in good agreement with theory. A 
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photogriiphic reprodiictioji of Laue spots with ZnS ciystal is given in 
Fig. 13, (Plate III). In. the iignrc S is an opening in tlie Lane camera 
at which a tliiorescent screen is placed and the crystal adjusted by 
sighting. 



In the original ex|)eriment, exposures of 20 to (iO hours were 
given. The source was an ordinary gas-tube with water cooled 
antioathodes. With inodern technique, only a few minutes exposure 
is suliicient. 


118, Results of Laue Experiment.*—lauie had kept the (100) 
'fiice of'the crystal to the'direction of the beam. 

Suppose Fig. 14 illustrates a Lane |)attcrn for such a case. 

Here 1) is the i)h()tographic [)late and G is 
the crystal of zinc sulpliide. The beam 
of X-rays passers througli tw() slits S' and 
S''and falls on the cxystaL Sui.)i:)os(3 for aa>' 

Laue point, the di,rection cosines of the 
line joining the spot to tlie point where the 
direct beam strikes the photographic 

plate (central spot) are a, (5,-y. ^ , 

Then according to Laue^s theory • •*:•. 


■ I 
II 





a ’ ‘ ^ ( f I « 

We have taken ; * cos Y:'... .. 

If now the distance between the plate and the cx 7 stal be Vr, and the 
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distance between tbe Lane spot and the central spot be r, then 

tail cp== 


In Laiie^s original experiment'^' *.~3‘56 cm. and a Lane Sjiot was 
found at a distance of 1*25 cm. from the central spot. 

Therefore tan 9= =‘350 or cp=19“20' 

Hence cos 9 = “Y =3)436 or 14-y=‘05(54 



taking- hs =1, we have A,/«=’0564 
Again it has been proved that 

'K _ _ 

a~ lJ?+k.r +h:r 


So taking U 3 — 1, we get 


X _ 2 


For hi and we may substitute 3 and 5. 


Therefore, 


h.^ 2 2 

n 9+25+1 35 


’0571 


(23) 


The difference between the first and the second value of l/a can 
be ascribed to experimental eiTor. It is clear from the equation that 
the Lane spots Avill be aixanged in circles round the centail spot. 
The first circle will correspond to —1, and so on. 


For 


tan9=x. 


\/l - cos '■* 


9 


cos9 


Vi- 


v/ hM2-h3~ 
^ a \ a 


=5 X * 


1 - hs 


ks% 


For a fixed value of —, we therefore have 
a 


r ^ constant 


(24) 


Laue, Friedrich and Knipping, Ann, d, Fhjs., 41, 971, 1913. 
For a better method of interpreting Lane’s experiment see §180, 
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Hence Lane spots coiTespoixdin^ to h-,\ Xja lie on circles on the 
photographic plate. It has been found in eqn. (23) that 'kla == *0571. 
In order to find the wavelength X, we require the value of a. 

Let us supposi; that in a voliune one niolecule is included. 
Tlien if is the number of atoms in a gram molecule, r/‘^.A^is the 
volume of a gram molecule. If in be tlie molecular weight and p the 
density of Zii8, then 

8 vr 3/ 

^ 7 V W = V ^)xiI)^«X4-06 

So for ZnS a ))'42XlO“ '\‘in. l^rom eiiuathin (23) we therefore get 
I -= 3*12X10“" X*()571 
-•ll)5X10“%‘in. 

Ijaue’s method gave us tlui first ae(Uirat(‘ value of tlie wavelengtli 
of X-rays. It is to b<^ noted here that in Lane’s method ditfraction 
is 8uppos(‘d to tak(‘ place from 'atoms placed at regular intervals 
along three jixes of reference. But this way of looking at crystals 
does not lielp us in unravelling its structure comi)letely. In Braggs’ 
theory given in the next section the iilienomenon is viewed from a, 
different standpoint which proves to be more fruitful. 

119. Braggs’ Theory of Reflexion of X-rays .—It has been 
mentioned in the introduction that early attempts for observing the 
reflexion of X-rays gave no positive results. Immediately after 
La,ue/s successful demonstration of the diffraction of X-rays, Sir 
W. 11. Brag’g and W. L. Bragg* showed that X-x*ays can be regularly 
rdlected from tlu‘ cleavage plane of crystals. The experiment is 
described in the subsequent section, but here we give a brief sketch 
of the ideas which led the Braggs to their fruitful and fundamental 
discovery. 

We have seen in the previous section that a crystal may be 
supposed to owe their form to regular arrangement of constituent 
atoms in space according to a geometric pattern. Crystals fui*ther 
possess certain characteristic cleavage faces, vie., when they ai'e 
struck or subjected to a mechanical stress, they split most easily 
across some definite planes called cleavage planes. Anybody who 
has handled mica or calcite is aware of this fact. The Braggs argued 

* \V. H. Bragg ami W. Ij, Bragg, Proe. Roy, 800 ., 88, 428, 1913. 



230 


noNTGEN bays 


[VI 

that the cleavage planes owe their characteristic property to the 
fact that the concentration of atoms is iiiaxiiuimi along them, and 
hence they can be used for demonstrating tlie reliexion of 
X-rays. The explanation will be clear fi'oin the following diagram 
(Fig. 15). 

The Fig. 15 represents a cross-sectioJi of the NaXd crystal cut 

perpendicular to an axis. 
Here the arrangement of 
atoms in the plane are re¬ 
presented by the circular 
dots placed at the corners 
of each little square. Now 
consider successively the 
planes passing through the 
lines OX, OA, OD, OC 
and OB, sind perpendicu¬ 
lar to the i)lane of the 
l)a i)(‘r. It is clear that th(‘ 
maximum concentration of 
atoms is along OX, and 
least jdong a line like 
OB, which is almost hap¬ 
hazardly drawn. Along 01), 
the number is one in a 

- 9 • •—•-—e— -- 

0 X length of , iilong O A it 

I’lg. 16. The cleavage taco o( a cryatal. . of ■ 

The planes passing 

through OX, or OA. are cleavage planes. 

The Braggs supposed that the crystal may be stippcsed to 
consist of plane parallel lattices OXJST, (ON. being iiorrual to the 
paper) or OAN, which are separated by the distances ti (for OilX), 
or a sJ2 (for OAN). They further assumed that when X-rays fall 
on the crystal they are most copiously rellected from (.)A, because 
this has the maximum concentration of atoms. Moreover on account 
of the regular- arrangement of planes, a regular phase dillm>nce 
exists, between the rays reflected. from successive. planc.s.as in 
.the. Eabry.-Perot .interferometer. ;This is .illustrated in .Fig.., 16. 
For example, taking the two successive p/; planes parallel to the 
cleavage plane OX of the previous ligure, we find that the iiath 
differeuce between the rays reflected from these two planes is 'idamd, 
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wluu’p, 0=gliincinj:? angle, and rf=the distaneo between the two 


2r/ shi^—?/A> .(2r)) 

tluMi ri\yH X will show a stroDg innxiiniiin in tlio r(jflcctc(l 

boani. In othov words, if w(^ nilow a inoiiocliroinatir biumi of 



X-rays to fall on ^•h(^ (‘.rysbvl l\u\vt pp, and gradimlly vary tho 
gUuicitig nnghs wo shall lind maxinmni intonsifcy in tho V(vfloot(^tl 
bomn ai/iinglos <5 givcai by tho ndation 


0 sin 


^ I 


_nX 

‘2d 


If w(^ givo to It >saccosHiv(dy tlu? vahnm 1, 2,, rty 
\\H\ g(d; niaxiina in tln^ livst, Hcaioucl, . ♦ * , /jtth ord<a’ of vofloxion. 

It must bo not(ul that in tlu^ abovo (»quati<)n, 0 is th(^ only 
(inantlly that can bo incasuvcib Avliik’ //, X» // nv(^ unknown. But 
//aiul can b(^ (a^niputcd by other nioauK whi<di will bo dealt with 
in the next sciction. Ilcuco % can be calculated, 

Braggs^ law is utili8(id in unravelling the crystal structniM^ 
from Lane photograjihs, powder 
1 diotographs, etc. In fact it is the ^ 
fmidamental caiiiation op X-ray 
crystallography. 

Wo can dotci’iiiinc the atom 
piano msponsibIc5 for giving rise i%. i7. The muiiinn 

to any maxima according to Braggs^ principle of crystal roflcction 
in tliG following way, 

Lot a beam of X-rays PC) (Jfig. 17) bo incident: oii a crystal 
at C) and let Q bo the position of a dillractioni maximum. The atomic 
plane which gave rise to the maximum can be found from tlio 
following consti’uctiont .Bisect the angle and cbiiw u 
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perpendicular to tlie bisector at O. '^riien this lino AOB is the 
section of the atomic piano coiicoriiod in this case* This is known 
as tlio viedian plane. The ang*lc & can bo calculated from the 
geometry of the figure. Hence the atomic plane can be coin]}lctely 
dcterniinech 

The above results obtained by Laue, and Bragg from Icinemati- 
cal principles arc based upon the following assum])tioiis :— 

(1) The atoms in the grating (space or plane) scatter spiiorical 
waves which are coherent, because the phase difference is maintained 
due to thou* I’Ogular aiTangeinent. 

(2) The absorption of the incident Imam (jn’inniry extinction) 
is negligible {vide however §§142), 

(8) Tlie interference between the rays scattered by the electrons 
in the atom is neglected, It is assumed that an atom contains a 
charge Z concentrated at one point {vide however §§ 188,1.84, 1155), 

(4) The lattice is taken to be ideal, This is however far from 
the truth, The lattices iu iiractice are mncli distorted, so that 
the regularity of aiTungement is not perfoot. 88iis gives rise to 
the secondary extinction, wliicli means that the intensity of 
diffraction sjiectTa is less than what it ought to b(^ in th(i case of 
ideal lattice. 

Many workers including Debye,* Darwin,t l^waldt and A\^allerll 
have developed a dyiianiical theory of X-ray diffraction which 
takes into account deviations from the ideal conditions as enumerated 
above, and many others, as for example, the heat motion of atoms and 
the dispersion inside the cry.stals* For an account of tliose original 
papers should be consulted* A discussion of these developments 
is also given by Ott in Handlnwh 'Wxpenviental Physiki A^IT, 
Chaps. 2 and 8, 

SijOTION II 

120, Classical Crystalline TheoryV.—Long before tlio period 
wlien the study of exact sciences was taken up, the natural crystals had 
been tlie subject of much speculation. Early observers were puz'/led by 

* P. Debye, Afin. d. Phys., 43, 49,1914, 
t 0, G, Darwin, Phil 27, 314, 1914* 
t P. Ewalcl, Phys. Zs.^ 22, 29, 1925, 

II I. Walleiv Dissertation, Uiipsala XTniv., 1925, 

]\ For a good account of this subject the student may consult 'I'ntton, 
Onjstallofjraphy and Praclkal Onj.^ial Meamremeni (1922); Hilton, Maihe- 
yinimd Oryatallograyhy (1903), ^5ee ajso later references, 
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the rogfular armng^omenfc of facets hi crystals like quart'/, anti calcite. The 
word arysial originates from the Greek equivalent of ice, for it was supposed 
in the middle ages, that tho natural crystals are pieces of ice which liave 
been petrified by oxtromo cold. 

As (larly as l,78d, Haiiy published tho results of a large number of 
moasuromonts of crystals. In tliat, he sliowcd tliat oven though two crystals 
of the snnio substaiico may have difierent 
nppoiiraiico, tlio angles between corres¬ 
ponding faces aro always the samti. 

In order to stutly tlio geoniotrical pro- 
pei'tios of crystals, it is necessary to refer 
it to tlu'fio axes OX, OY, OZ inclined to 
oatjli other at angles a, [i, y, placed any- 
where inside tho crystal (Fig. 18), 

In general, tho axes OA, OB, 00 
are chosoii parallel to any throe edges of 
a crystal, none of whicii are parallel to one 
another, Then tho planes XOY, XOZ, 
and ZOY are parallel to some faces of tho 
crystal. 

Lot ABC bo a fourth face cutthig the axes at A, B, C, and let 
OA: OB :00 - a\h\o, 

Tlio piano ABC is known as tho jmravietric face,^ ^If tlioro bo any 
other taco AJ IV C' of tho crystal, making intercepts OA', OB', 00' and if 

OA':OB':OC'- 

then (//, h\ 1) arc* known ns Milkrian indices of tliefaco A'B'C' with respect 
to the particular paramo trie face clioson, Tho ratio a \ h\6 is known as 
tho axial ratio, h is goiiorally put equal to unity in reference books on 
crystallography and so tho axial ratio is given ns a : 1: o. TIio quantities 
(//, /r, 1) aro inversely proportional to tho intorcepts which tho face in ques¬ 
tion makes with tlie axes, and consequently tlioy aro directly proportional 
to diroolioii ratiosf of tho normals to the faco. Tho Millorian indices (hkl) 
of any faco arc^ rational mimbora and uro generally small integers. The 
law of rational indices has boon found to bo true oxporimentally, and it 
was on this principle, and on tho law of constancy of angles in different 



Direction ratios become proportional to direction cosines if tho axes 

arc reolaiigulnr. . , , , . t * i . 

t It may l )0 questioned that tho parnmotrio faco being any arbitrary 
plane^ tlioro will be no uniformity in the nonionclaturo of the Mulorian 
in<licGS, But in actual practice these indices are transferred with rororence 
to standard axes of symmetry in tho crystal which brings about uniformity 
in tho nomoncluture. For details of tlio axes of symmetry seo §131, 

tr. 80 
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crystals of a given substance, that the whole theory of crystal stmotiu'o 
was based. 

It will be out oO place liero to describe l;ho procedure by whicli the 
axial ratios a:b:e and the indices (A,/ij,/) ol; various faces are found. 
It will suffice to say that the angles between different faces are ineasurtsd 
by means of an instrument Ituown as the fjonionieter,'^ The calculation 
of tho ratio {a i b : o) and of (//-, /*;, /) becomes a problem in trigonometry. 

Wo can simply iUu.strato how the difforeiit plmios in a crystal arc 
voferred to by their Millerian indices. 

In the figure (19), OX, OY and OZ are three rectangular axes. Tho 
plane ABO makes equal intercepts a=h^G on the tlireo axes, and so its 
indices are (111), The plane 
BCEF is a (Oil) plane and simi¬ 
larly we can mark out (110), 

(lf)l) and other pianos, 

Again suppose any plane 
makes intercepts 2: 3: Ion the 
three axes. Its indices are then 
as -J: i: 1, so that the plane is 
a (320) [dane. 

121. Crystal Classes*— 

The moat important character¬ 
istic of crystals is their perfect 
aipmnetry in the position of 
vortices, faces, edges, etc. Crystals 
have been classed according to 
the symmetry they oxliibit, Tho elements of symtnotry arc tho follosving .•— 

(1) Axis of Symmel}%—W\\(in the crystal is such that it can bo 
rotated about a lino through nn angle Sjt/n, where 71-2^ 3,4 or 6, and in tlie 
new position the crystal remains idmUcah this lino is called an axis of 
symmetry. Tho axis of symmetry is said to be two-fold, three-fold, tour-fold 
or .six-fold according as n—2y 3,4 or 6, 

Thus in Fig, 21, the line h 0, yO or is an axis of four-fold 
symmetry, and each of tho dotted lines aO, a^O, or is an axis 
of three-fold symmetry, 

(2) Plane of Symmetry^—’A. crystal is said to have a plane of sym¬ 
metry if every point upon one side of the plane has a corresponding point 
on tho opposite side of it in a mirror image relation, Tims in Fig. 24, the 
piano XOY is a plane of symmetry. Other planes of synnnetry can bo 
seen in Fig, 21. They will bo explained later. 



For an account of this instrument see A. E, li. Tutton, Orysiailo- 
yraphy and Practical Grystal Ueasimmmt^ Vol. J, 
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(3) Centre of iSi/m7}iclr/j.~’k point M'ithlii ti oryntiil is^ a (icmtni of syni- 
motry, if alintulrawn to it from any point on its j^urfatHMiiH) extorulcd hoyoiul 
by an oquul dlstanco, niioountors unothor point oxiu^tly similar to tlio socond. 

In (ho beginning of this section, the (Crystal has lKH>n ref(*rn‘d to a 
system of co-ordinato axes paralhd to three edges of faces of the crystal 
In tluj case of some crystals, there three axes oF syminetryperptaidi- 
cidar to meh other ; and so it is advantageous to lake the crystallographic 
axes oF syinniijtry as th() nx<*s of roferemeo. Such crystals (^aii bo divided 
into three ehiHsos ; (1) Orthorhoinba?,. (2) Tetrag’oiuil, (*1) Cubic, 

In all tlu5se three varietu's the axes of njfercmce are at right angles to 
encli other, but the axial ratios art? dillereni Thus, for 

Orthorhombu! , . , a \ h: e , , , all iuton^eptH ar(? unecpial 

Tetragonal. a\ ai e , , . two inliia'cepts are (’(pial 

(*Ld)ic , . ill a: u . , . all in(;orceptH are (upinl 

If the axes are not at riglit angl(3s, W(3 g(it two more classeH: 
(<!-) Monoclini(?, (o) Hexagonal. 

Ill the inonoclinie eryslals, a^OO®, Y"'“=00’’, but P may have any value, 
and rq b, a are all mmimi In liexngonal cryatals, 
but tin? axial rntioB avo ft : c ; a, - 

Next there ai'o two move olassos. llujse are; (C) llhonibohodral, 
and (7) Triclijiia 

In the rhonihohedral class The triclinic 

tyi)e is the most goneml ty[K\ for lujro wa luive axes inclined (;o each 
other in any possible nnghj and tlio axial lengths are all in)(?(iunlt 




Crystid 

Axial anglits 

Chara<? 

(,eristic ratios 

Cubic 

a-!)0“, P-00°, y-!)0” 

ft ; 

(1 

a 

Totragonal 

««=OOM?™9r, Y 

ft ; 

a 

\ e 

Orthorhombic 

a-90M?'=0n‘', Y’'5lf»'’ ••• 

ft 

h 

: c 

Monoclinic 

o~i)0", P, Y-^OO" 

ft : 

1) 

; 0 

Hexagonal 

a-lKi*. p«C0'’, Y^Of*" 

ft 1 

a 

: ft 

Rhombohedrnl ... 

a w> p M ys^OO* ... ... 

ft ; 

ft 

: ft 

Triclinio 

asj^PcjsYsl^OO" ... ... 

ft 

1 b 

; e 


A good account of this subject has been given in The Sl^'^idure of 
Ormtah, WyckntF (11)2(1), Cliup, I. 8(!(? i\\m JimuJhiwh (hr JCttpmmerdnl 
Phyrnk.mfVU (l),NiggJi. 
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TIig ellavRoteriStic angles and mtlos of didbiHJiil: varloUcH of orystals am 
collected in table 2 for ready reference. 

122, The Point Group,-— All crystals can be placcid in one of 
these seven classes. But tliese have been still aubilividcil into H2 (jIuhhch, 
according to tho oloinents of symmetry possessed by tliem, fOach of 
these is called a group, The eleinonts of symmcjtry are, as has been 
already mentioned, one or more axes of poly fold symmetry combimMi with 
planes of symmetry and centres of symmetry. The point groui)S iwo thus 
classes of crystal symmetry. Tlio dilTereiit combination.s of thiiS(3 syinmi^tries 
have given rise to these point groups, and it can bo proved analytically 
that they can be only 32 in number, 

In the triclinic system whore the axial ratios and angles nuj all 
unequal the symmetry is least, and so there arc only two point groups 
associated with it. One of those is known as a.<igmmetriOt for tliom is no 
symmetry in it, In the other there is only a eontvo of symmelry, m<lining 
thereby that in a triclinic crystal there can bo two facus.s having the 
indices k, I ^nd The latter is often written ns \ h\ I 

As there is no other symmetry in a trieliaic crystal, there cannot be 
two faces liaving the indices A, A, I and \ A, /. From a study of tlume 
indices the point group to which tho orysl-al belongs can 1)43 found, 
The largest number of point groups (symjn(3U‘y dmvacfc(3risti(3.s) (recurs in 
iho tetragonal and cubic crystals; because in these crystals tlu3r<3 can bo 
simultaneously planes of symmetry, centre of symnuitry as widl as 
rotational symmetry. Two sucli simple vuriotios of (3ubi(3 (5rystiils are 
shown in Figs. 20 and 31. The tetrahedron belongs to 



the cubic class in which the axes of voferonce are the lines w, -y, lo joining 
the opposite sides of tho tetrahedron and passing througli tho centre of 
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gravity 0, In this case, there three two-fold axes 7^, w, and four 
three-fold axes AO, A'O, A''0 and A"'0, 

Fig, 21 also shows, n niibi{5 crystal linvhig a diltbrcnt grouping of 
symmetry. There are three four-fold axes //, four Ihreci-fold axes 
a, also six two-fold axes (not shown) joining the middle points 

of parallel sides of tlio figure. 

It is very important to find out the point-group (or one of the olnsses 
of symmetry) to whieli the c-rystal Ixdongs. This (jan bo donij witli the 
aid of tiio goniometer as has been said ulrcuuly; unfortunately X-ray 
methods do not give comidete information on this (jnestion (see §130). 

123, The Bravais Lattice. were discussing so lojig tho 
outward api)oaranc(i of {;ry»tals, But apart from tlio oxtorual ni)iiearanco 
tlie (wystalline natunj is inherent in the substance. Any battered grain 
of sand is crystalline, wluhs tlu^ most perfect model of crystal Juado of 
glass is not crystalline, It is a matter of common experience that when a 
rlionibnhcdral crystal lll<(j calcitci is struck gcaitly with a hammer, it Imiaks 
up into smaller rhoinhohedroiis, It was (luite natural to suppo.sn that 
calcito is made up of oxtnmioly small rlioml)ohoilntl units of atomic 
dimensions. If those rhoinbohodral 
units arc placed side by side, we g(‘t a 
complete crystal. Tlie development 
in this dircctioji is duo to Bravais 
(IHoO). Wlufu tln^s(^ elementary 
iijuts of crystalliiH^ structure known 
as unU colh are phuual sulc^ by Hid(‘, so 
that the Hfnu^ture extends coiiti- 
iiiiously, w(^ get a Jirnvain Inlliae. 

Siich a lattice is shown in Fig. 22. 

Ill this (ho lines niw drawn pa¬ 
rallel to the tliroo axes of roferonce 
X, y, z. The intcvvals at which tlu^ 
parallel lines are drawn are in the 
ratio a\bi the axial ratios of 
tlio crystal found by gonioinotric 
meusnronients. Tlio lattice belongs 
to LIkj triclinic typo (nz|rir:|r^, 
ar|r(3r|;Y^:00'’),andcon8lstsofularge 
number of unit colls OADFECG 
(drawn in thick lino) plac(«l 
sido l)y side. If we take 
and we got a rhom- 

bohedral lattice to which the (wystal of calcito bolongs, II: it can bo 
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XII xin XIV 



The fourteen BrATivtu IftttlooB, 


I. Trlollnle, IF, SlnU>le itioiiocHnle. UT. 13u8o*c(3n(rcd raoiioellnle. IV, 8linj)U* ortliorlioiiible. 
V, HAHi*.contre(l ovtliorliojnblo. VT, Dody-eentred oi*niorhoniblc, Vll. rnno-eentred oriliorhombli^ 
Yin, iroxngoiia!.< IX. Rhombobcdral, X, Simple tetragonnl. XI. Rody-cenlred letragoiial, 
xn, Simple cubic. XIII. Body^oontred oiible. XIV, Fftcc*contre(l miblo. 
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(iGtormiiietl how many inoliKuiloa of CaC03 iwi) aoooiiiinodatod in ono 
unit t!olh CHJi lind oul; fcho armngonioiifc of On aiul (JO 3 in it, 
\V(} utilise tlin fchoory of })oint-»:roui )9 (or cIuhsc^s of syiiiinotry) 
for this pin‘i)OSO. Wo Huppo.so that Ihe nlinns arn imwiffcd fit flm 
mrners of Ihe lailkc, and niiist follow tlio Ryinimdry valid for tills (dnsn 
of crystal. Th(^ (uirnor.s of llravais lattice thus l)C(?oni<j th(i (iontros 
of poiidr^Toups, and tlio (ilcmmitB of 83^11 mo try which wore and 

od^'OB when tlai coniploto (n'ystal wiia MtuduH], now l)c(!ona^ tlavinolcoiilcH 
thcmsolvoB. It can also i)c shown analytically tliafc in ^‘cnr*ral the moloculoH 
iinist arran^>'0 tliomsolvcB with the sanio symnu^try whit^h fa cxhihitoil l>y thi^ 
crystal as a wlioh^ 

Wo have seen that (wystals can ho divided into seven classes dopond- 
inji^ n])on tluar axial ratios and an| 4 ‘l<‘s. So tlnwo must ho oorrespondijij;? 
seven (dassi'sof (‘hmientai'y unit ^hricks' or hiheCH. Ihit Bravais show(}d that 
tluj total vavi(^ties of laitict^s j)OHsil)l(i shouhl ho M Instead of soven. 
Tim stial(*nt can easily vta'ify this facjt from For example, take 

tlio ortlmrhonihicj system (IV to VII). If at the eontro of tho simple 
orthorhombic (IV) wo ima^fino a now atom to he .situated ns hi (VI), wo ^'•ot 
a hofb/-emlred ortliorhoinbio, which roprcjsonts 11 new lattice of this s 3 ^fttom. 
Let us imagino a Htrncturo consisting of eight such contiguous hod 3 ^- 
centred orthorhombic lattici^s. If wo join tlio eight central atoms, wo floo that 
wo obtain another body-con trod orthorlioml)i(s lattice, Tims wo cannot 
build simple lalti<;es out of body-(umtr(?d lattices, and vice versa, Hoiico 
tlio latter is a fundmmmtal kind of latti<ie by itself. Similarly wo.havo 
two more kinds, tlm Ime-eenired and ftwe-milred orthorhombic hUticofl. 
But if wo try tho sanuj prociidnro for the triclinics system, wo fiiid that this 
gives only one kind of lattice. J^or the (iguro forim^d hy joining tlm oiglifc 
central atoms is in this ease another simple trielink' latticts In tho saiim 
way the cubitJ system gives threes dilloront varieties; 

(i) Tho sijnpl<» lattice, 

(ii) Body-con tnul ]atti(;e, 

(iil) Faco-contiod lutti<5e. 

In a simple (?ubio lattice, tho molecules arc situated at tho corners of tho 
cube; in a body-centred lattioi^ limy , are placed at the cornora as well 
as at the centre of the {5uh(3; in tlio (uiso of fncc-controd lattice thoy are 
situated at tho corners as well as in tho contros of faces of the cube. Thcao 
three cases (;an bo soon in Fig. 2B, XII, XlII, XIV, All tho fourteen lattices 
are shown in 1% (I to XIV), 

Seven of thorn are of tho simphj kind, wtdlo the oilier seven are 
examples of inlm'-peiielmimf/ laihces, Tlio bo<ly-(3entrod cubic lattice is 
dourly soon to bo tho resultant of two latticcSi the origin of one being 
(0, 0, 0), while that of the other o/2, a/2y a/2, . . - 
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124* Space-groups,— Wq have scon that Bmvalsj postal a tod four¬ 
teen-space lattices 111 which the vortices of the unit cells are supposed to bo 
occupied by point-groups. The position of one atom witli respect to a point- 
group to which it is attached must bo the saiuo in every part of tiio crystal. 
In order to achieve this, the B2 kinds of point-groups are associated with 
the 14 lattices, and the resultant arrangement of symmetry ellaructeristies 
ivhicli will be combined in all directions arc known ns space-ffroiipa, 

For example, consider the structure of a calcito crystal. The unit coll 
of calcite must have a place for the Ga atom as well as for the CO 3 vadiede, 
The CO 3 radicle consists of a carbon atom surrounded by three oxygmi 
atoms. We can assign the calcium atom to one of tlu^ (’.ornors of 
the lattice, and tlio carbon atom to the next (Corner. Tfie oxygen atoms must 
be arranged in a pattern (or point group) whicli is consistent with tlu^ 
rhombohedral clmracteristics to whioli class calcito belongs. But it Ims 
been found that there are a largo mimbor of ways In whii^h tlumo 
point-groups can bo arranged at the corners of lattices satisfying thos(^ 
conditions, and each of those ways is known as a spaec-(/roHp, 'Hmir 

total nuinher is 2;i0 and they 
wore studied l)y 8ohu(dc(^ 
and Hehoenilioss at the end 
of the lust century. It will 
ho out (tf place to discuss 
hero th(^ naluro of tlie spacu^ 
groups, but one single caso 
may bo illustrated with 
diagram, Ju Pig, 24, x, y, y. 
are the axem of reference in 
a monoclinio orystid having 
XOY US the plane of syin- 
J^mtry and 07j the two-fohl 
axis of rotation. To a point P there is a corresponding point at Pn, liecauso 
XOY is a plane of symmetry, and another point at P,, beeauHO OZ is a two- 
fold ftxis of rotatioiinl symmetry. This point-ffroup is fitted in tlio IhnviiiH 
inonochinc lattice in Fig, 25. In this lattico 0 is the origin and X, Y Z 
iire^he axes, OADISPCG is thd unit coll, Tho centre of tho point-ffronn 
m F.g. 24 is placed at 0, AA„ . .. etc., ]1„ 11,,... etc., 0„ .. . ouJ. 

fj? ig. 26) extending in all directions, and form tho special space group. It 
Will be seen that in the space group illustrated above (Fig. 85), thoro aro four 
aoms within tho unit coll Tliis is ono of tho charactoristics of a 



Fig, 24. A. point-group of the monoolliilo oryslAl. 
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ni(inodini(^ rvyHtul. So whoncvor wn finfl <i <!rystal |;o niono(4iiil(j 

Avifch fclio flyninioLry shown iji Fi^'. 24 mul Iniviii^ four atoins in its 
unit coll, wo may al. onoo con(4iul<> that tiu^ urran^nmiojit of tho atoms 
(spaeo 1 * 0 lip) in tiu? (aystill is most probably us shown in 25. Tlio 
(•n-oi'dinntos of any atom P in the point-group arc known as its paraniolicu's. 



riK A K|pn(u>*f(rf)ti|> of (Ix^ riioiioolliao (^ryfilnK 

[n order to know the slriu‘turc (!0inpl(4;i4y it is necijssary to find out to 
ivinch of the spaco groups a crystal. Iiclongs, and to dctcrniino the pai'a- 
!Uut:orH of tlio atoms in the spa(.*o grouj), The former can he done by finding 

(i) Tim diincnsionH of the unit cell, 

(n) Tim n uni bar of atoms in tlm unit coll, and 
{lii) Tlui symmetry clianKitoristiim (point groups). 

riioro arc f(mr methods for (h4(wmining tlio above factors, TliOflc are 

(1) Jiragg method, 

(2) Powiha* method (Dehye-Hclua'rer and Hull), 

(M) Ivauo iimthod, 

(4) Kotating (uystal mothod (Hchiebold). 

Wo Hhall l)ri(4Iy (jonsidev tlu^se method h one by one, paramotorB 
Iso can be found from tlm above four imithods, If all the four 
toms in the above unit (?ell (Fig, 2b) im alike, the parameters of P alone 
n J^^ig. 24 are siiilichaitj if the atoms me diirerent, the jmrameterfi of 
Pj> Pj b Pm i) have also to bo detormiiuid, 

125* Investigation of Crystal Structure by Braggs^ 
Method*,*—J'fc iH clem* from the foregoing trealinontH (§§lll}, 111)) that 

a full review of this subject see W. H, Bragg and W, Bragg. 
and Orjialal Slnwlm'o-i Chap. Ill (1924). 

l\ 31 
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botli ill Lauo^s mothod and the Bmgg niefcliod, wo luivo to deal with 
interfereucG of X-rays scattered by the oloctrons composinj^* the consti¬ 
tuent atoms of a crystal; in Laitc^s mothod wo cxaniiiio tluj trausinitt(ul 
beam, in Bragi^^s method^ Ave examiuo the beam scattered on tlio mU) 
of incidenco. The cleavage face of the crystals behaves Ulc(^ a tnlrror 
ill this case, and the rays wliich are most copiously r(4l(Hitod are tliosc^ 
• satisfying the Bragg relation 

nl == 2d sin 0 

If the crystal be cut along any otlicr face possc^ssing the Milhunan 
indices (/?, k, 1) B^agg^s law takers the form 

nl - 2d,^/^i .sin O' 

•where is the least distnnoo l)etw<a!n two imralhil eonsecaitlvo 

l)limcs having the indices (//, /,•, /), and O'— the new glaixung iiiigl(s 
Bragg’s method of .studying Bi(! crystal structure, (amsists in 
finding out tin! grating space or tlus least distamjc Initwe.cii two 

couaeeiitive atomic planes having the indic.es (//, A-, I). h'rom a Iciiow- 
lodgo of and also from tlie relativo intemsituis of relhtc.tioii for 

different values of n (order of rellexion), tlu! <!ry.stal structure (tan 
be deduced. For illustrutiug tiui mctlutd W(t t4ik(! tlic • siinidc 
ca.se of cubic crystals like Ilocksalt (Nadi), and Sylviiic, (Ivdl). 
Bragg’s apparatus for studying the crystal striuituis! is shown ou tins 
next page (B'ig. 2(5). The arrangeinont is generally known as Braggs’ 
X-ray Spectrometer. 

A strong beam of X-rays from tlio anticatliodo A of an X-riiy 
tube is allowed to pass througli two slits S and B, and is tlum 
incident on tlie crystal C which is fixed on a tabh! having a vmmitu* 
attached to it, that can bo rotated on a ('■(mceiitric giwluatcal circle. 
Thus the kiblo can be rotated about an axis through its cciitrc; but 
the graduated civchs is fixed to the ba.se of tlm sp(!c.tromet<u‘. 'rim 
aiiglo through which the crystid (with its table) is rotiit<sl e.au thus 
be read aeoiiratolyby mcatis of tlie verulor. I is au arm which miu 
rotate about tlio common axis of the table and the eiritb*, thtmgh 
iiidcpendoiitly of the former. 'Dliere is aiiotlu'r vtusiier uttaehoil to 
this arm, so tliat the rotation of tho latter c.uu also bo isaul ou tim 
graduated table. '.l?ho ionisatiou cluuiibor is plaijod on tin; arm 1. 
When the gliuiciiig angle 0 .satisfies tho Bragg’s (Miiiatioii 

nl = 2d sill Of 
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fciu.> X-riiys iir(! i-olloctod by the (ii’ystiil, in u direction maldiig an 
iUigbf 20 with the origiind direction of tins X-riiys. Hence if the 
ioiiisiition cliainber is 
phuied ill tlmt direc¬ 
tion, tlic (dectroinetor 
will show a strong 
ionisation current. 

Kor best results, the 
proiier ulignnunit of 
tho focus of the 
invtieatlioile, the slits 
aiul the axis of I'ota- 
tioii of the table 'J’ 
is very necessary. 

'L'lut cry.stal (J is 

pliiceil such that tho 
axis of votatkm of 
the table lies on its 
surface. In order 

to iircvent stray 
riulintioim from en¬ 
tering the ionisation 
chiinibitr, a slit I) is 
provided in front of 
it. The ionisation 
elllUllher is filled rilf, an, llfnififii’ X-my SiiunlroincIM. 

witli methyl eiiloride 

vaijoiir. '^I’he X-rays enter the chamber through a window covered 
with thin nluniiiunm foil, n’lie crystal is at first placed on tlic 
table HO that tli(! (100) ))Jnii<! is on the axis of I’otation. Tlie 
eryHtal is rotated gradually while the arm carrying the ionisation 
ehainlx'i’ is rotated thvongli double the aiigle. The ionisation 
current observed is plotted against 20. 'Die peaks showtho.se 
glancing angles winch satisfy the Bragg equation for the wave¬ 
length of characteristic rayw of tiio target used. The (100) plane 
is thou r<!i)laced by the (.11.0) and (.1.11) planes, and a .similar 
procedure, as descrihed above, is gone through. Tho diagram (27) 
showH the actual curves obtained. The nnticathode used was palla¬ 
dium and the voltage and current in the X-ray tube was so maintained 
tlmt a strong beam of Pd radiation was available. 
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V7o fiiitl that tlic (100) fooo of KCI, shows ponies afc tho iinjvlcs 

10°40', 21*08^ 32“40\ Now reineinbcving that thoso nro' tl»! 26*- 
vaUios, the ratio hotweon tho oorrespourtiuK siti fl-valuos is ol)tuiii<Hl as 

sill 5'23': sin 10°4!)': sin l(r20'=l: 2 : 3 



0 * 5 ' 10 * 15 * 20 * 25 * 50 * ? 5 * <»0 

Vlg. * 21 , HuJIocdon of X'l'oyH at variotiH oi'yatnl-plniicK (K()l| NuOlS 


Wg are Hure that tlicy arc tho lirst, second, and third order 
rellections from the (100) face, h^or other faetss avc gc^t tlircje 
rclleetious and the same relation holds. AVJien tlur lirnt order 
rellections from the three faces (100), (LIO) and (111) of KOI are 
coniparecl, the ratio between the grating constants oo? (h i o and f/i i x 
arc obtained, Tima for the .KCI crystal 


d 


100 


f/iio 5 (hx 


1 


or 


LIO 5 -* ' 

siu 5 23 

1 1 1 


I 

' sin 7'37'' ‘ 
■=1: 1^2: aC 


1 


dtoo diiQ (Ixxx 
Similarly for the NaCl crystal we obtain a weak lirst order 
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rofhicfcioii from tlio (ill) &c(i iit ubout lialf the corrospoiidiug jin^lo 
for KCJl. (lonsidoring tliis wn obtain for NaCl 

1 2 

fhoo * fhio * (hii J • . 

jlut if we leave this w(3ak reilexion out of our eousidciratioJi, the 
ratio for NaCl becomes identical with that for KOI. 

126* Interpretation of Results.— While explaining' Bravais 
lattices, it was said that the latth^es having cnl)io synunetiy were 
thve(i in iiiimber, th(3 siinpht, fa(;<;"C<3iitred and body-contivul. KCl 
is knowji to liavci (uibic symmetry, and so must belong to one of 
tlie thr(3(^ latti(je.s* It is to be found w'hich of the thr(‘(j types gives the 
ratio of ^/xooJ ns obtained from the experiment. Let 

ns eousidev (crystals of this three hitticos one by one, 



In h^ig. 28, 

(r/) is a unit cell OBPAICODG of simple cubic lattice, 

{h) consists of eight such cells of a face-centred cubic lattice, 
(r') consists of eight siicli colls of a body-centrod cubic lattice. 
L('t n be the side of the unit cell, O bo the origin and 
OX, () Y, OX be th(^ system of cubic axes in all the tliree eases. 
Ninv according to the definitions of tluj Milloi'ian indices tlie faces 
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pamllel to OBDO will bo the (100) fiiccs, tlioso piirnllol to BDI^yV 
the (110) faces, iuicl those parallol to ABC the (111) faces. 

The equation of any plane [hkl) refoiTcd to cubic axes is 

/w:+/i;?/-|'fe = a 

The distance of the plane from the origin is given'by 


(A*+7(;M-/¥ 


according to the theorems of analytic geometry of thrcMi dinumsions. 
Hence in the case of the simple lattice {a) for tlie first (100) plane 
and for the next (l^2a. Tliereforo distauc<i apart 

between two conseentivo (100) planes is 


Similarly, 


Therefore 


rfioo ” 

a 

2« 


a 

VS" 

VS“ 

V2‘ 

,1 _ 

2a 

_ a _ 

a 

dill — 

V:T 

vir 

ViF 

1 ,. 

1 

. _t 

* v/o 

•100 ’ 

hio 

■ dill ^ 



(20) 


This ratio was obtained for KCl experimentally, and conse¬ 
quently the lattice of KCl must bo of the mni)U (mbiv. type, 

For reference, it will be necessary to find similar rolutionH 
between grating constants for the other two lattices, From the 
figures it is clear that for a face-centred cube the oo nnd//no 
will remain the same as those for the case of a simple cube, 

For the first (111) plane the equation is 
<c-Vy+x ^ (ii 

but as no atom is situated on thi»s plane, wo sliall hav(\ to take the 
next (111) plane 

x-Vy^-% ^ 2a 


Similarly tlie next (111) plane containing any atoms is 
x-Vy-Vx =» ia 

Therefore dm = 

diQo dioQ diii * 2 


Therefore 


(27) 
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foi’ tlio fcice-cmtred cmlnu For n bocly-oontrod cube, r/i oo the same 
as before, but di i o and di 11 arc diderent. But the equation of l\u\ 
first (110) plane is 

x+y ^ 2a 

for, no atom exists at a distance r/, 3r/, etc*, from the origin. 


Hence 


j 4 a 2a 


vVgain for di 11 i)lano the equation is 

xi-y+x '’^2a 

The next parallel (111) ])laii(s passes through the atom G at the 
centre of the cube, Its equation is 

X'hij+x ^ h ^ a-Va-Va «=» 3 ^^^ 


^hercfor(i 


' v-\ vn 


X. _. JL, 

, J, ! . jrr * " i 


li'or, wo liiivo to tnlce tho diHfciiiico bctwooii two oonsccutive parallel 
planes having the same indices (11.1), 

iriiorefore i 7^— ! 7^ = 1: ^ . . . ( 28 ) 

(I'loo (hio ihit 1 

for a body-vmired hiUii'c, 

irinis wo have calculated the lattice constant d for the tlire(! 
faces ( 100 ), (1.10) and (ill) of the three typos of cubic lattices. Wo 
collect thos<! vahics in the following table for ready reforeuee. 

Table il 


(lube 

^^100 

diiQ 

dill 

Biinple 

i 

a 

vf 

a 

Fnoo-centi'otl ... 

tf 

a 

W 

'ia 

TK 

Body-con trod... 

a 

aVi" 

. 

a 

Vi 


Ifor sodium <'.hloride as depietesd in the dii^ram of expcn’iinontal 
curves (h'ig. 27), 

1 1 1 , dK 

dioo ^nifl dju 3 
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and so it is ooiicliiclcd that tlio sodium clilorido lattico is ftwe-^reidreth 
It has been found that out of tho alkali halides, only KCI bclon^'S to 
the shiiplo cubic typo, while others belong* to either face-cemtred or 
body-centred lattico. 

"Phis dissimilarity between the structure of NaCl an<l KCI was 
cx])laincd by .Bragg* iu this way. Bragg argues tluit in the (^asc^ of 
K(3, the reflections from the (411) face show(Kl a ]KKiiiliarity, in that, 
wo may suppose that the odd order of rollections w(u*e absent, so 
that the second order spectrum was taken for the first, Tf that (’or- 
reotiou is made, we shall have to double the grating constatit of (111) 
plaims. Wo shall got tlioii 

..1_, J:_: 

^^10 0 ^h\i 2 

So tlie structure of KCI also comes out to be that of tlu^ fac(5~(’ontrod 
typo, ns depicted in Big. 10. 

Hero tho white circles arc say, chlorine atoms, whih^ the l>lack 
ones represent i)otassium or .sodium atoms. ^.Plu^ s()diuiii-ehlorid<^ 
and potassium-chloride crystals thus come out to poss(^ss a similar 
stvuctiire, But it has still to be explained why odd nv(hu‘ ndlections 
vanish in the case of (111) face of KOI, and not iu llu^ cas<^ of NaCh 
In the case of KCI, tho potassium and chlorine atoms having atomi(^ 
mimbors 19 and 17 respectively contain almost <uiual. numixu’ 
of electrons. The .scattering power of an at<»m depond.s upon tlu^ 
number of electrons composing it. In tluJ figurts tlie whiter cir(4(^H 
alone forjn a face-centred lattice, and so do tho black circles. Tf tlie 
scattering power of black and white circles are tlins tin*, same, tlu^ 
structure reduces almost to tho case of a .simple cubic lattuu' as was 
first found in the case of KOI Now the (100) and (110) planes 
contain atoms of both tho kind. But the (111) plaiui contains white 
circles or black circles altornatoly. Tho grating constant dm for 
the white circles will bo the distance botweoii tho lirst plaiK^ con¬ 
taining white circles and the next plane containing similar circlets. 
But midway between them there is another piano containing black 
cii’oles. The wave reflected from this plane will destroy tho first 
order reflections from the planes containing white circles, It will 
strengthen all even order reflections, but will cut out odd ordcjv 
reflections. Iu the case of KCI tiie scattering powers of pota.ssiinn 
and clilorine are almost equal, and so the odd order reflection is 
totally suppressed and the crystal behaves as a simple cube, In <;he 
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of wodinni olilorido, tlio ntoms Na (11) and chlorine (1.7) have 
(lillcreiit wcatl(‘rin^' ])oworM» so the siipi)rcssif)n of odd order spectra 
is not coin])lnto. But still Ave find in Ki^‘. 27 tJie first order rodcotion 
from (111) fa(M^ for Nat "I is much 'weaker coin])ared to the second order 
refliH’tion. 'Phe structure of Na(*l and KC\ crystals is thus completely 
(^xplaiiKHl in th(» li^ht of exjx'rimental results if 'wo assume that in 
botli of them the Nu t)r K, and the* (4 atoms are situated alternately 
at tlm lattice ])oints of a fae(*-cent.r(‘d cube* 


127. The Ditnenaions of the Unit Cell,— We have to lind 
now how many mole(ad(‘s of NnOI are asso<hitcd with a unit cell, 
(.loiiHhb'r a unit coll in tlu^ structure of NaCl sliown in .Fiii;. 10, 
h'oiir (MU’iHU's of this unit (?cll ar(‘ otxanhed by four Na-atoms, and 
tlu^ four altc’rnatc <'ornc‘rs by four (d-atoms. But each of those oi^^ht 
atoms is Indnii; shared by ei^ht such conti^’uous unit colls from all sides. 
So nn the avorap^o one moh'cnle of NaCl is associated with two unit 
cells, Tln^ v<)lume of two \urit cells is (?videutly equal to 2 {fU oo)^ So 
the unit vnluine of the crystal contains j/2(//ioo)” moh'cnlos of NaCh 
If i\f is tli (3 moh'cuhir w(np:ht of tlie crystal and ni the mass of 
a liydn^pi'oii atom, the w(up:hfc of a molecule is Mm, llonco we get 

Mw ._ 

'iWiooV' 

wlu‘r(‘ p iH tli(^ (hmslty of the crystal, h'or sndimn (diloride 


'rheroPore 


llen(‘(‘ 


58, m ^ r(K52 X10" - ‘gins,, p ^ 2*17 


(^^too)^^ 


Mm 5HXr(i()2X 10-^‘ oo‘oi 

2p 2X217 --IX10 


//loo-^amXIO^ cm. 


Ifcncn the grating space of sodium chloride is 2*81X10"^ cm, 
In oihUu' to lind tlu» wav(‘lcngth of palladium K^-rays, we see 

from h'ig, 27, Unit tint first ord(w relh^ctioi) occurs at' 0“ 0^ Jfrom 
Brngg^s law 

^-2X2*81X10*'^ sin. (F 


T)87X10*-^ cm. 

llenco’the wavelength of rays of Pd is T)87X10"® cm, or 
0T)87 A.n. 
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128. Powder Spectroscopy.* * * § —It was discovored by Bobyo nnd 
SohoiTevf in Gormnny and Hullt in America about tlio your 1910 that u 
diflraotion pattern is obtained wlien a tliiii film of powdered (irystal is 
substituted for the single crystal in the Bragg or Laiuj metluHls. IP the 
individual crystals of this powder are haphazardly oriented so that tlu^y mak<^ 
all possible angles with tlio incident X-rays, all orders of refh’ction frotn 
all possible atomic planes can bo recorded at tlie same tinu^, There aro 
very tew substances which grow single largo (jrystain, and so Bragg*s 
method can be applied only to a limited number of substances; in other 
cases the powder method is suitable. 

The arrangement of apparatus in powder spectroscopy is shown in 

Fig, 29. A lino laaim of 
inonofihnmiaMfi X-rays is 
allowed to full on a paper 
capsule P containing the 
finely powdered crystal, 
Any minute erystal may 
ho orientiid at such an 
angle witli respeiit to tlie 
incident lanim tliat the 
Bragg relation is satislied 
for an atomic plane {h k t) 
in it. Thus w<i have 
.(29) 

wliei’G dhhi is the grating constant for a piano {k k 1) and Ou glancing 
angle, As On is the angle between the incident X-rays and some atomic 
piano, the angle between the reflected ray and tho direction of the 
incident ray will be (see §119). Thor(3 will bn otlier crystals in tho 
powder in which tho atomic piano {h k 1) is inclined at an angle but 
with clifibrcnt azimuth. It is tliua obvious that all tlie reflected rays 
from tlio atomic plane(/^/^JQ will lie on a cone with its apex at V and 
somivertical angle , If a pliotograpiiic plate he kept iierpendicnlar to 
the direction of tho incident beam, a series of circles will lie recorded 
on it. Plato IV, Fig, 90, sliows a DobyoSchorror photograiih of a crystal 
of wurtzito ZnS, taken with OuK-rays§. Jn order to record reflec-tions witli 
large values of a pliotograpiiic film bent in tho form of a ( 5 lv(do with P as 
eontro is substituted for tho plate. Fig. 91 on the Plate IV shows a 

* For a detailed account see WyckolT, The Slriwture of Onfiilah (I92d). 

t P. Dobyc and P. Scliorrcr, Phtfs. Zeils., 18, 291, 1917. 

t A. W. Hull, Phy,% Rev., 10, 00J, 1917. 

§ CuK radiation consists of and Kg. The latter can bo almo.st 
complotoly removed by putting a filter of Ni. For (lUering actions vide 
Chap. XL 



nl « 2d{m) sin 6^ 
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])omhv film i>lioliOf>Tap)i (duo to Hull) ol: 08i (oarbonuuluin) takoii with 
(JuK^ I'iiys. Tho c(nUnii l)lnok>*sj)ot Is to tho Tlio linos iiro 

tlio intorsootion (»f oouoh with (iylindor which Ibnus tho film in this caso. 

Tho linos wliioli aro straij^'ht in tln^ i)lato havo 20n ^ DO', and tlio 
linos la^yond it ourvo on tho othm* sido. It is obvious from tlio (Mpiation 
tlnit no r(dl(H5ti()u is i>ossiblo from plam^8 for whi(di /n < X/2. 

As tho rt*j|(»{itiou>s aro takinj;r phuHiOiily frojn a fow partiolos, tho 
rotpiin^d to t((^t a pfood powdor photojirHiph is frroator than that iji any X-ray 
didrartion phononuma; ami so largo oxposuros with greater ciuTeiit density 
in tlio X-ray tuho is mnalod. If the crystal is not (inoly grouiid (to 
inoHla's), it b(‘('omos ne(H?sHary to rotate tho powdor when tho photograph is 
being takon, otherwise the linos will ho discontinuous and dotted, If on 
l,h(f other hand tho i)o\vdor i« very (inoly ground tlnai tho di(fraction linos 
will 1)0 broad ami dilJuse. Schorrorf gave an expression conneotijig tlio 
widtli of the and uvorago size of particles. This is 


]i «A..L - +& 

V jt COS oh 


wluTo li ^ tho d(‘sorvcd width of linos, 
I) ^ thietknesH of tlio crystal, 

(' ^ tho constant of apparatus. 


As 71 hecoiues small, //tends to become large, showing thereby that 
the ci'ystal powd(?r is nearing amorplums conditions. Thin slujots of 
iimtid uro <‘ongh)im(rations of large number of crystals, ami so behave like 
powdeiH. It liiiH b(*(m fouud that inelal foils which liavn been made l)y 
beating give sliari) oircuhir patterns. On the other liand foils made liy 
rolling proeess(*s do not give complete circh'S; tlio circles arc discontinuoiiH 
and niark(!d by n‘gnlarly pliu’ed psttOiesou it. It shows that In tliis pro(;ess 
tho (Wystids tend l.o adjust theinsdves in one parla<iular oriontatioii. A largo 
Jiumher of dula havo iaien ohiaimtd in this (connection in recent years, and 
Ivivc thrown mmdi light on tlui Inner structure of metals and otlier useful 
HiibstanC 4 ‘s, In many ways tliesci researches have also helped industryj. 

Thi^ iiiHIukI of X-ray pliotography has been applied for analysing 
the structure of woob human hair, (ihres, rubber, (*01111101(1, and majiy 
other oi'gunic Hiilistances. It was foranfrly supposed lliat these subslanccs 
liad no (irystalliiio struciuiv. But Astbury§ and others found lliat the 
lihrous siil)slam:cs ninutioncd above poss(* 8 s a pseudo-o)*yHtallino structure 
wliicli changes wlnm tiioy are strotcli(»(l or subjected to other menlianical 


'fhe central laauu prodiiiafs Imlation, so it is sliiolded by means of a 
li‘ad disc. 'Die plate is a posi:lve and so the central spot is lihiclc, 

1 1 \ H(dierr(U‘ /V/m Zeiiti, 19 . 471 , lOlH. 

1 Kee (.fhadua’s Ahilcrialpyttflint/ mil PanlueustrahleH, 

S Ahtliury, PliiL Tram, 7iVn/. A, 230, 75, 19H2, 
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timtinents. Those subsfctmcos give dliFuso ring'll inUu’.spcn’Si'd with 
From this it is con dm loti that the ciysUillhu? par tides roniiing tin is 
iiiattors are jiot or ion toil in all diroctioiia. In fatjt Asthury onnio to the 
oondusioii that the inolooulcs of those substanoos exists in long ohains, 
tlioloiigih of wliidi is many times groator than tho hremltli, ami Jio along 
tho lohgtli of tlio (ihro, Bimilarly iinstrotoheil rubber has boon I'ouiul to ho 
nonorystalliiio, hut when strotohoih it exhibits a orystalliiio structuro. 


129. Calculation of Spacing from Powder Photographs.— 

Wo will take tlio case of tnibio crystal of MgO wlndi has laion analysoil 
by Wyckofh It has boon shown in Sl -h that tlio grating spaoo of a plaim 
{Id'l) for a simplo oiiliio crystal is givoii hy fh<\ o{|nation 




.... (50) 


whoro^i is tho dimension of the unit coll, or in othor words tlm grating 
spaeo of (lOO) ])lano, lloarraaging the equation wo liave 


4t/2sin2^? 


-- .(q]) 




The oxiiressioji on tho rigid-hand side is always an integer, so tho 
sine-squares For dillerojit lines are pro|)ortional to int(;gers. Hiiuw 0 for 
dilferent lines in a poivdor photograpli are ilirectly known, this eondu- 
sioji can be venlieiL In tho case of MgO it was found that fur IIk? lirst 
live lines in the powder photograph, the sine-squares ar(i in the ratio 
5 : <1: : 8 : 11 : 12. In the table below the various possible values of (/z/,;/) 
and the corresponding Values of are given, 

^ ^hul tliat 

_iJL,*__those planes marked with stars are in 

/j 1 .« the ratio 5 : d> : 8 : 11 : 12, and so 

the lirst nve Jnies in tlie <*use MgO 

.. observed may bo due to the rellection 

I 1 from tht‘so planes, In tliis way tlie 

110 I . * . 

^ r; imllces of the planes wldcli are elie<5tive 

'i’lOO 2 d vdlection are calculated. Again \ is 

1<^^ 1 known, Hence a vww he calculated 

>lr M f) 0 >• 

jj^QQ ^ y from the relal.ion (Jll), Tho eqn, (50) 

^115 1 II, then readily gives the spacing Id 

the case of crystals of lessor symmetry 

..... (totragonal, orthorliomhici etc.) tho value 

of (/i 2 >p /^ 24 ^ 2 )/i 2 j« not mi integer, and so it is not easy to determine 
for them the planes of rdlection, for they involve the axial ratios and 
angles wliicb are ciiHeront for dillurent cry.stnls. The sj)a(angs for I'ace- 
centrefl and body-centred cubic lattmes m e eompuled in the way shown in g 12 ( 5 . 
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Tlio only di.siidvniitiig'o in this iiu^fcliod is tlmt onts diffraotioii lino (jiin 
bo ascribed to a Inr^^o number of planes, for example, theni are planes 
bavin»' tlio same 4 -value with diflorenL combinations (positive 
and jiegafcIvQ values^ and intenjhange of h, h\ of tluj indiass. Bo 

the determination of indices is not unique. 


130. Laue Method .—In tin 5 beginning of this scethm \V(^ inter'- 
pro ted Lane photographs by considering tlu', s(!attering of X-rays from 
atoms plac(3d at the lattice points. lint thercj is a still betUu' method of 
interpreting tlmm, if wo imagine that the <'rystal is made up of a series of 
pianos passing through t]w atoms paralhd to atiy fae(? {hld) \ any [jmie-spijt 
can be regarded as due to reJltujtion of X-rays from tlusse i>hines as in tlu^ 
Bragg or powder im^thods, in a{!(u)rdan(U) witli tli(3 0((nation 


wi\ere 


^ 4/7 


tf 


for simple cubic crystals, a being tlm siihj of tlui unit eel I, 

In Fig, 112, the X-rays fall on tim crystal (not shown) at 0, K is any 
atomic piano in the ({rystab*^* We 
suppose that the X-rays art^ re¬ 
flected l)y the piano and give rise 
to a Laue spot at R, and O' is tins 
images of the central spot, "riie 
method is liowever Jiot identical 
with tile Bragg nuithod, us in tliis 
tlui couliiuious j)art of the rays are 
ellectivc'., instiuid of the charaetev- 
isti(j |)art as in the Bragg or powder 
methods. Bo in obtaining Laue 
pliotograplis the target must be so 

ch(>sen tiiatitgives inhniHecontiiiuousrmliation and the voltage must he 
considerably high.f M'hereason is obvious; for the cluiracteristic radiation 
may not find any atomic plane oriontc<l at an angle satisfying tlie e<|naliun 
above. In .Bragg's method and powder iiiethod, suitable glancing angles 
ol reflection (or a (duu‘actm*isti(t ray is (jbtaincil by rotating the crystal or 
powdmlng it, nsspcetively. But tlicrii is no such [irovision in the Laue 
method, and so a continuous radiation is us(m1. 



131, Symmetry in Laue-Dmgrams, —Bince the Inclimition of 
possible atomic planes is govormsd solely by symmetry, fclie distribution of 

Tlic lignre is ratlim* exaggca-atiul. 

t lAu’ best results, tim use {)f a tungstem target witli 50 to bO KV 
pressiirii is suggested, 
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Laue-spots will also depend on fclie ay ni me try of the eryatnl and ita 
orientation with respect to the X-ray l^eiun. As dlfFniction ufhads luiVii 
boon shown to bo equivalent to internal relloctions from ntoinio i)lauert 
parallel to the (h^kyl) plane, there can bo no dilForonct} b(^twcon tln^ 
results obtained from pianos (h/cl) and {h k /)/'" Cons(Hpiontly (W(n*y Liiuo 
photograpli will have a eelitre of syjnmotry. And it can ha shown that 
the 32 olasses of crystal symmetry mluce to only .1.1 (dussos when their 
syniiiiotry with respect to tlio X-ray elFect is considcvo<lt 'riiis bus 
already been remarked before. 

Ill Plate IV, Figf. 13, wo have illustrated tlio Lane’s spots for ZiuS, 
Here the X-ray beam was kept porpoiidieular to tlie (100) face of n luihie 
crystal of ZnS, or in other words it was along’ a fourfold axis of sy nil ms try, 
and so the photograph also shows a fourfold symmetry* In the same way, 
in Fig, 3d, tlie Lane spots of (3iibie crystal of MgO show a fourfold 
symmetry. Rtwerting to Fig. 32, OF is a lino in tlu^ piano of imadence as 
well as in tlio atoniie plane, and F is a point (not Laue-point) on the iihoto- 
grapliio plate. If 0 be the glancing angle, .i::FOU=^=6l, \V(^ can imagine 

other atomic planes containing the ]ine.FO and inclined to 00' at an angle (9. 
Thu line FO is known as the Zom-aun.'i, Tlioatomie planes liaving diflerent 
grating comstants will rcHcet some wavelengtii X in the (!on tin nous radia¬ 
tion used ; and it is olivious that tliese reflected rays will lie on tlie surfatui 
of a cone with 0 as apex, FO ns axis and the s(ani-verti(^al angle 0. Tlie 
intersection of this cone with the plate will he an ellipse passing througli 
O'. Tlius Lane photograph eonsists of dots phuseil on ellipses passing 
through tlio central spot Oh 


132, Interpretation of Laue-Photographs, — ^n Fig. 33» 
suppose tho atomic plane EK reflects tlio X-i'uy boam at K and gives rise to 

a Lane spot II on tho plate P.F. Let 
O be tho central spot. KN is drawn 
perpendicular to atomic plane If, 
meeting the plane of tiie plioto- 
graphic plate at N, Tdum N is called 
tho g^tomonic projeelim of tho Lane 
spot R. 

Mg. ail. The ffnomojiio lu’ojoction. If X-rays are initially made 

perpendicular to the (100) plane we can write tlown tlie indicje.s of all planes 
giving rise to Lane spots from this projection. This is done as follows. 
Taking 0 to be the origin, and OK to be the z-uxis, wo have 
0R«=9* tan 2ft and r*=»ON tan 0 



The plane (h k 1) is the same as It is conventional to denote 

a negative index liy putting a bar above it, 

f Vide \Vyckofl, The iStnieinre of O’jjHah, p, 117. 
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wlioro r Is tho (llstance OK, Siiico r and OR are known, tlio position of N 
is tlun'ofoi’o Iciiowii. * Again tlie lino KN* is nornial to tho piano K, iin<l so 
its dimotion oosinos are givon by 

L: M\ N — x: ij\r 

wlioK? (.r, y) art? tlio co-ordiiiatos of tlto gnomonic spot N, Now the 
Milloi'ian iudioos of l;lio rolh^iliing plane are proportional to tlioso ili recti on 
oosinos, and so 

h\ h\l ^ x\ ii\ r 

Htu'O r tho d is tan 00 la^twoim tlio < crystal and the plate is fixed for all spots. 



seen that for tlio x-nxis, we havo/i'^0, and parallel to it are tlio ordinates 
having . 1,2, etc., and a similar argument applies for A. As 

tho indices aro wholo numhtu’H, they all lie on tlio intersection o£//.!=»0, 1, 

2 . ,. etc,, with 1,2. Tims tiui iudi(;os of tho rcnccting pianos 

can he roadily known by constnieting a giiomonic projection diagram for 
tho spots as shown in this figuro, 

(Jalmhlion of lha —In tho ease of La no spots it is diflicnit to 

calenlate tho spacing, for the wavelength X giving rise to any particular spot 
is unknown, l^y decreasing tlio voltage across |;ho X-i'ay tuho, and noting 
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whicli Lane spots vanish wo can find the apiiroxitnah^ % anti heiu't^ tlu^ 
approximate spacing. For Intonaor spots the wavelength can 1)0 gnesstM] 
from the voltage. For a full reference of tln^ exact ox|)orimental ))roc(‘<lurt‘H 
see WyckofF, The Shuctwr of Oryslnh^ pp. 117 to 140, 

In general It is better that tlio Lane pliotograi)li \h\ snppl<‘in(‘nt(*tl by 
spectroinetric (Bragg or powder) nr other methods for the d(»t(‘nniiiation of 
ff. AVhen this is done, it hec'omos simpler to find the spaeings (rit/r 
eqn. 30, 31). 

Schiehold Meihodj—h^ order to avoid th(^ nnihiguity about thc‘ wave¬ 
length, the pliotogrnpli is taken in BeliiebolfVs nu'thod by mlatiiig a small 
crystal about a crystal axis, and using monooliromatie X-rays. In this 
arrangement the spacing can be dircc^tly culculab'tl. Oiui dismlvantag<‘ of 
this niethoil is that a. longta' exposure is reqnin^d. 


133, The Complete Determination of Crystalline Struc¬ 
ture—The Structure Factor.— In the (uihicial crystal, tin? value of 
a^f/joo found from the methods given above, The volnim? I'of tin? 
unit cell is given by 

V - 


If in bo the muss of tho chcmicnl niolooulc, v, tin! minilnirol' nmlccnlt's 
in the unit coll, then p the density is reliital us p-^-ww/F ffoiu whictli we at 
once get the vnluo of n. In § 1.24 on simee-gronps we lmv(* emj)liusiHt>d 
the fact that knowing the cfyatiillographic symmolry and llie vnlite of n 
tive interior structure can nt onc(! bo known. The general nuftlmds h.iv«! 
been described. But the problem is not so siiupk', for (•eniplexitii'H iiris(> 
in many ways, two of which will be discussed hrietty. 

(1) Wc have seen that in crystal analysis we lind the spaeing or tint 
distance between two successive atomic planes. If in h’ig 24 we hnv(> iin 
atom at the origin 0, tlic spacings of (100) pianos will have to he halved, wlii le 
the spacings of the plane passing through P, 1>„ 0 will remain the sume. In 
the same way ,n tl.c l)ody-centred and face-centroil crystals, the sjamings 
have been halved for some planes while not for others. All these fm-ts 
have to he taken into nocount in the struclin-e detenninntioii. 

(2) Even if the correct spneo-group is olunincd, the stnieture deler- 
nunation is far from complete unloss the pnramelors of the atoms in |.].o 
unit cell are known. For tlio space-groups can only give a large „uml,e,. 

piobable atomic arrangements. The more the number of .li«.si,niJar 
atom^,jhe more difficult hecoines the determination. The prohlom is 
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approaohofl from a study of fclio rolativo inteiisitios of tho mllections from 
various pianos. In § 126 we have seem liow arrived at the correet 

solution of the structure of NaOl frmu a study of the intensity of reflection 
from various planes, Tho intensity of rolhadion is tho sum total of 
scattered intensities contributed hy tlie atoms in tlu% various planes* Bo it 
includes an ampliluck faaior and a /;//fava f(wl()}\ The plnis(i factor arises 
from tiio fact that the rollochul rays {'oming from the <lifthvent atoms in any 
crystal piano have got phase {liireremajs witli r(ispeet to each other, which 
renders tho intensity of vellection from one plane diireront from that due to 
another, On tho oriier hand tho amplitude facitor 1ms its origin in tliO fact 
that in tho mechanism of s(iattering hy a partuaihir atom, all the outer 
elec5trons in the atom takop^trt; hut there will l)e again a idiaso didbronce 
between the scattered radiations coming from tho <li(rerent eleedvons. Tho 
plu\se differcnco therefore depends u]mn the ohsitron distribution in any 
particular atojn, and is consequently dideniut for dillevent atoms. Hence 
tho scattering powers of <lifrerent atoms, as well ns of tlie same kind of 
atoms in diflerent configurations, will idso bo difterot)t, Inversely tlio 
determinations of struoturo factor and amplitude factors can give an idea 
of the possible eonfigurntioiiH of atoms in the various pianos, and of 
electrons in the atoms of a crystal 

I'ho pliaso factor commonly goes by the name Hl/ruchira factor and 
depends on tho relative positions of the atoms (or tlioir parameters), 
It can he shown that if in any set of parallel fplanes {hkl) there arc 

difierent atoms with co-ordinates (fri, J/i, ^i), (cc'i, ?/i) . 

etc, with tho scattering power Oi, atoms with co-ordinates 

* •, • tlo Bcattering power ofg, and so on, tlio 

total intensity'^ i« given by 

when^ A^a\ ;^cos 2nn {h<c\ -I Icy i -h h i)-h(T?;^e.()s 2nn {hx^ 4 - /17/2 1 ^ 2 ) 

2nn 2 m I^V 2 +Ih) 

and n denotes tlio order numhor as usual 

The study of space groups gives us choice of a largo number of posi¬ 
tions of tho atoms in the unit coll; those are Buccessivoly tried in tlio above 
formula and tlm resulting intensity is compared with the expevim on tally 
observed value, Take tho example of tho NaOl crystal Tlio studont can 
substituto for himself the values of the co-ordinatos of tho sodium atoms in 
tho unit coll in Fig, 25 as (000; <70^; rm(); 0a«), nn<l also those of chlorine 
atoms (as aaa\ aOO; 00a; OnO) in tln^ aimve equations. It will bo found tliat 

Tins is derived in the same way as vibralions with the samo fi;o- 
nuenoy but possessing dilferent amplitudes and phases are compounded in 
Acoustics or Optics* For an account of this .suhjoot see WyckoII, loo, oil 

:ifi 
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for odd values of n and odd values of {hhl) the acatliorinffs duo to ehloriuo 
and sodium oppose each other, while for even values of n tiiey re-in force each 
other* "Bragg's observalions on NaOl [vuh Fig. 27, §125) aro in conFoi'miliy 
witii this theory, 

I-IencG tho assign menfc of the above co-orclinatea to the Na and Cl atoms 
gives us the most probable structure of the NaCl crystal. The same holds 
for any other crystal, /.e., if the in tensity of reflections for ujiy crystal is 
experimentally doterininerl, then out of the manifold aUornativo structures 
suggested by tho study of tho space-groups of the crystal, tliat structure 
will be the most probable which satisfies tho obtained intensity distribution, 

134, Atom Factor and Atomic Structure Factor, —In tho lust 
section the structure factor (phase factor) of crystals has been taken into 
account. Now we sliall consider the amplitude factor. This factor involves 
the scattering power a in tlin last expression, llic scatt(‘ring powm- 
for amorphous substances is given by ThomsoJi's formula (eqn. 0) 
as shown in § IIB, and it contains tho factor (l-hcos2 ^ being the 
glancing anglo» But Bragg -found that in the case of planes for which the 
structure factor was tho same (say in those pianos of NaC’l in which Cl 
and Na atoms co-operate), tho intensity falls ofi’ rapidly with 0 (vide curves 
in Fig. 27), He gave tho empirical rolatimv*' 

.(IV2) 

whore G is a constant depending upon the wavcdcngtli of tlie primary 

X*rays, ^ is known as the Veh/e factor (IJ being very small, 

this factor is almost equal to 1) and it is due to tho thermal agitation 
of tho atoms in the crystals, Darwiiif and Compton proposed a 
thcoreticall (modified Thomson) intensity formula for cry.stallino siih- 
itances taking into account the chan go in refractive index of tho X-rays 
13 they passtlirough tho crystal (seo eqn. below). In this, tho factor sin2^ 
in tho denominator of Bragg's empirical relation was roplacod by 
an 20, so that there remained a factor cot^ which was to be accounted 
■Q\\ Tho discrepancy must be attributed to tlie amplitude factor alone, 
The distance of the eleetroms from tho centre of the atoms containing them 
s in general comparable to the inter-atomic distances, It is well-known 
hat in a diffraction grating if the width of the ruled line,s aro comparable 
0 the distance between tho successive lines of tlie grating, the intensity of 
ho liigher order spectra rapidly falls ofi. Tho same prinoiplo was applied 
0 explain tho above discropancy in the scattering formula. Tlie 11 electrons 

W, H. Bragg, PItU. 1^7, 881, 1914. 
t 0, Gr. parwin, Phil, Mag,, 87, 335, 1914, 
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of the Nu tttom tiro distrilnUoil in illrtoroiifc shells round fcho (Uoniiccoroiinil so 
they cannot bo talani us ono unit of 11 olcctrons, Tlioir cifcctivo valuo must 
bo oonsiderod. Tliis vtduo is known us tlic aiomie sirndure fador or atom 
fador. It is denotod by Id Taking this into account tlio theorotical 
fonnulu then takes tltc form us dcducotl by Compton/’' 

iro ) ^ I (t+cos^ 20) shi^o a.i.v 

7o 2 [I sin 20 • * • \ ) 

Hero iVis tlie number of olcctrojis in unit volume, Iq is the intensity of tho 
primary beam, Fla the utomie structure factor, and \i is tlio absorption 
coeflTiclont of tho crystal,. As crystals are not perfect reflectors, in expori- 
ments.on inkmsity detcnmiinations tliey arc ^mncrally rocked with an angular 
vclocily CO, and IFco is the total intensity (or tho integrated intensity) for 
any wuvoloiigtln IKco/Zq is nicavSunid as usual, and when every tiling 
else in tho expn^ssion above is known, F can bo at once calculated. For 
NaOl, tliis factor is ]nirtly duo to Cl and jiartly to Na. ‘ 

Let Fci iind bo the a tom it; structure factors of Cl and Na ntonis, 
(hen for those planes for which n and hid arti odil, tho observed utoinic 
factor Fi will bo 

F, ^F^ra --Fvi 


and similarly bir {)\m values of n, (ihe observed atom factor lf\ will be 

F^^Fsr, ^yFn 

llcmce . -.1 [F, d- F^), FrrH -FO 


The values of Fa and ert; very important for they throw light on 
the Htnicfcuro of tin; atoms of Cl and Na. Compton flliowod tliat if p (r) is 
tho probability of an olootron being found within tho distances r and r^dv 
with r(‘Hpect to tho plane from the centre of tho atom, tho atomic 
structure factor is given by 


Jil ry r \ ^ sill 0 

F^ /j I )){r) COB .. 


dr 


(34) 


wlierc it is tho grating constant and Z is tlio atomic number. If tho 
variation of tho atomic Btructure factor with tlio glancing angle 6 bn 
known, then tho distribution of olectrona can ))o determined. This is done 
in the following wayai 

(a) Bjj Iriah ic,, h/j (miming (i^ valm of llm jmbabilily factor p{r)* 
Bragg, James and Bosanquetf assumed it to bo equal to l/2r and integrated 
tho above expression, As elcotroiiB are distributed in various shells, Fean 
lie oxprossod as a summation each term of which Is duo to electrons in a 


* Sec Compton’s X-rays and Elcehwis (1027), p. 125* 
t AV* H. Bragg, R, w, James and Bosanquo^ Phil ilia//., 41> SOD, 1921. 
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particular shell, i.e., we have 


. (4jtr sin 0) 

sin-*- ^ 

V I 

jLj - 


1 • y. 

4 "j^sin ^ 


.... (85) 


Bragg concluded from the above considerations that in the Na atom there 
arc 


7 electrons in u shell of radius *29 A.TJ, 

3 electrons in a shell of radius -76 X.U. 

and in the Cl atom 

10 electrons in a shell of radius ’25 

5 electrons in a shell of radius '86 A.TL 

3 electrons in a shell of radius 176 A.,U. 


{b) By expa7idmg lho€(tpremo7i for atomic slrnciure faclor inlo a Foimcr 
This was first suggested by AV. Bragg,* and carried on by 
Duane, Compton, Havighurstf and W, L. Braggt They have arrived at 
interesting results on the distribution of electrons around atoms from this 
analysis, 


135* The Ionic, Atomic and Molecular Crystals. —(1) 

ganic Oi'ysialit,^Fvom the above analysis, we see that 10 electrons are as¬ 
signed to the Na and 18 to the Cl atom, But it is woll-laiown that tlu5 
ordinary atom of Na contains 11 electrons and chlorine contains 17 elec¬ 
trons. Hence it is supposed that in tlio formation of the NaOl-crystal, the 
Na-atom loses one electron Avhicli passes over to clilorino, so that the 

X ~— 

crystal is made up of Na and OHons placed regularly according to tlie 
cubic lattice pattern. Such compounds are called by the chemists * ioniej 
Most of the inorganic salts form iojiic type of crystals, But there arc otliors 
in which tlie electrons remain with the parent atom. Thoy arc supposed to 
be held together by linkages, and hero again two kimla of bind¬ 

ing are distinguished, vix,i atomic and 7nolectilar, 

In the atomic molecules the linkage is of nonpolar origin, but still the 
valency characteristics of the individual atoms are generally preserved, 
while in the molecular type this may Jiot be always true, Tlius diamond 
is ail example of atomic moleciilo and grapliite is of molecular typo. It 
has been found that all organic crystals are of molecular typo, 

(2) Orga^iic Gf'7fslal$—Oi the two kinds of organic crystals, aliphatic 
and aromatic, the X-ray analysis of only the first has been carried at some 


* W. H, Bragg, Phtl Roy. Soo. A, 216, 263, 1916. 
f Havighuvst, Rhys. Rev.^ 28, 869, 1026. 
t W. L* Bragg, Prpe. Roy. Soe. 123,537, 1929, 
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length. Tho tiliplnifcic crywhils lniv(‘. heoii shown by Bnigg and Pipor lio 
(!Oiisist of long chilliiB of ln()k!(Hlh^s, While among fcli(i uromatic oryHials, 
tlio benzoiH; ring constitution lin.s boon proved by K. Lonsdale'^ to bo true 
in the enso of hexiimctliyl-l uni zone. 

136. The Structure of Liquids. —If a thin iilin of liquid Is 
Hubstitutod for the powdonul crystal in the Debye-Scherror nietho<l, a 
difIVaction halo is obtained around tlie central spot on the photograpiiie plate. 
This discovery was iniido by Deliyc and SclnaTer in lOlO, In Fig* 115, 
Plato IV, is shown a dinraetioii photograph of ethyl ah’ohol wlbli CuK rndb 
ntions, The halo is broad and diduso, but it still proves tho oxistonco of 
some sort of regular molecular arrangement inside tlio li(|uid. This arrange- 
mont has boon (uilhsl {xcijholfuiw (temhuicy of mol<5enles to arrange tlieni- 
solves in the form of clinlns) (jvimp l)y Stewart. For example, in tho case 
of polar compoimdH like fatty acids and primary alcoliols, two difIVaction 
haloes are observed, Stewartt supposed that tlio polar molecular chains 
have a tendem^ to group themselviss in {‘iid to imd position, as shown 
below diagramnuitically for etliyl alcoliol liquid. Ihu’o two ethyl alcohol 
hiolecules are shown one vertically obovu tlie other, with tlio polar OH- 
groups away from t?ach oUkm*. This arrangenKuit goes on repeating itself 
as shown by the next i)air, 


on 

on 

1 

OHj 

Ollz 

1 

OHj 

OHs 

oil. 

OIIi 

1 

(Jill 

1 

(In 

on 


The d is tan (50 hotw(5i5u tlm polar (OH) groups in Uut sumo chain (5a ii be cal- 
uulalKjd from Braggs^ equation nX^2(isin 0 , wlmredtf is the angle subUmded 
by one of th(^ halo(5s at tho liquid lilm* Tlui otlior strong(3r halo does not 
(ibangci with tlm hjugth of carbon (5lmin when didbnmt substances of the 
suiim, series are studi(5d. For this rt^ason it is ('.oiu5lud(5d tliat tlie spacjing 
d(5pends upon the distan(5c luitwccn tho lu^ighbouriiig (5luuns. Those groups 
ar(5 Jiot stable but bn^ak up us soon ns tluiy arc f(»rme(|, but even in tlie sliort 
Lime for wliich tlu^y exist, they giv(5 rise to this halo. There is soiiie dill use 
scatterijig at small nnglo.s whH5h has lieen (5xpluln(5d by Uaiuaii and 
Ramanatbant to be due to scathu'lng caused by th(5 sudden llu(5Uintion 

K, Lonsdale, Proo. Hot/. 123, 40d, 1921). 
f Htowart, Phj/s. IteiKy 3b, 252, 1927 ; see also 31, 1, 1028. 

T Uuman ami Ramanathan, Proo, Indian Ana, OuU, 8, 127,1025* 
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of density in the liquid siinlhn* to the ease of optical scnttovin^^ by liiiuid.s 
deiiU by Einstein andSmoliichowski. Avery lar^je miinbci' of liqukis* wiu'e 
experimented upon, and tlie lialoes obtained were interiiroted on similar lint?s. 

137. Methods of X^ray Spectroscopy. —Durint?; the bint 
twenty yours, two methods distinct from oucli other have boon 
loped in the Spectroscopy of X-rays. Those are 

(I) Method depending on the phenomenon of diltraction of 
X-rays by crystals, according to Braggs^t foi’jnnla. 

(II) The method discovered by A. IL Compton and 'R.L, Doan'l^ 
depending on the plietiomeiion of diffraction of X-rays 
by ordinary idniie or concave gratings at the grazing angle 
of incidone<^ (vide §14:l0* ^l^his is also known as tlin 
absolute inelhod of determination of wavclengtlis. 

VV^o shall discuss briefly some of the inii)ortaut ni(»tliods devc- 
iojied under each of the two bcauls, 

I, (A) Tmj-j Mj^rriroi) of hhxi*n> Cuvs'J’als 

The simplest method depending on the princi])lc cjf X-ray 
diffraction by crystals is due to ALosoley. 

Moseleyll used the Bragg formtila 7A^2fI 
sini?, and devised tlie arrangoment illustrated 
below (Fig, 37) for finding out the wave¬ 
lengths of the K and L cliaracteristLc radia¬ 
tions of 45 elements between A1 and 7 V 11 . 

Since d is known, the iiroblem is to find ovit 
the glancing angle 0 for different wave¬ 
lengths of an olenient. 

A divergent beam of X-rfiys, coming from 
the focus T of the target of an X-ray tube, and 
after being limited by a slit at P falls on tlio 
fixed cryatnl 0. If the oxlreine rays of the beam »7. MoHiiiny’H HxihI 

make glancing angles Oi and $2 ^vlth tlie crystal, *^*^^***' 

a photographic plate placed in their path will record u spociruin R| Kg 

* Drilcter, Phijs, Zeiis,^ 29, 273^ 1928; 

For a collected account of these works see P. Krishnamurti, Indian 
/ow?', Pte,, 14, 543, 1930. . , . 

t W. IL and W, L, 33ragg, Pfoe. Roy. Soc. A, 88, 428, 1913, 

t A, H Compton and R, L. Doan, ProG, NaL Aead. SeL 11, 598^ 1925. 

II Moseley, PhU. Mag., 26,1024, 1918. 
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nonsisting: of lilio >vaYoloiig(ih vog'ion hof-wcon X \ =2r/sin 0i and X 2 2^/sln $2 
in tho firsli order. By varying' tlio inclination of f.lie crystal with the 
line of syjiimetry of the hoam, di/roront i)nr(:s of the spectrum can be mapped. 

It may he noted however that tlie spectrum obtained in tins way is never a 
pur(i spectrum, for, a glancing angle 0 <toos not (!on'<is|)ond to only oiui 
wavolengtli X, but also to X/2, , the latter being refhu’.ted in 2nd, 

(Ird .. . orders. But as the intensity in iiiglun* orders falls off very rapidly, 
this defect matters little, and (‘an bo removed by jiuttiiig api>ropriate 
filters in tho path of tlio beam. 

1 'ho inotliotl bi\(l many s()iivc(>s of (UTor. The ghinoing angles 
Oi and O 2 could not bo mcMmurod ac(mrat(dy, for tho simple reason 
tliat tb(^ axis of rolation ol; i\m (U’ystal is at O. Moreover, as tlu^ 
crystal is rotated (say, in tli(‘ ebnJcwisc diro<‘.tion), wavohmgth 
Xi, wln(‘h was fornundy r(dbHd:(‘d from a particular point, will bo 
relbH’/tod now from rdlnn* points lying on the ci'ystal till tho otlmr 
('xtronie (uul of the Ixmm is roa(!li(‘d, Tb(^ (mnscaiuonce will bo that 
tlio spectral liiu^ at lit will not be sharp, but wdll b() broad like a 
band, .And if the r(‘llocting po\V(n' of tho crystal in various parts of 
its crystallographic fa(‘o is not uniform, as is gone.rally the eaH(>, tho 
band obtained will be irrognlav and ghostly in structure, 

T. (B) Bhaoo^s l<\)(;iJssiN<i MrrritoP. 

In order to avoid some of tlic niicortaintios, WJL Bragg devised 
tho focu.Hsijif/ moihofl In this (sec Fig. 38 Ixdow) the dulmire hcDrefiJi 
the slit Si and the crystal is the same 
as the dislanee of the sUt S 2 of his 
ionisation chamber, Tho centre of 
rotation K of tho cx'ystal, tho slits Si 
and S 3 Ho on acirchi. An ionisation 
cluimbor was used by Bragg instead 
of a pliotographic ])lafco.. 

Tho beam entering through tln^ 
sliliSi, falls on tho crystal A A, wlum 
it is u tangent to tho cirole on wliieb 
S), K,S2lie, 

Lot a wavelength Xi, having glam*- 
iiig angle 0 lu^ refh‘eied from K and 
r(3(U!ived in the ionisation chamber 
tbrougli the slit Sg, If the crystal hi? 
now rotat’d to the imHition AL\', the same wavelength will bo reflecteil 
from the point B, which from tho geometry of tho figure, must lie on the 
(lirele passing through tlm sjits and tlui een(.n3 of rotation of tlio crystal, 
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Si K A la tliB iiiigle made by tlio tangont AK with the nhord Si K, ao 
that all angles equal to this must lie on the opposite segment. PIoiico B 
must lie on the cirole, and the reneoted ray from R must enter fcim slit 83 * 

So in one Betting of the ionisation cliambcr, only rays of one single 
wavelength will enter into it, and it is immaterial whether the 
refloction is talcing place from the centre or any otlicr part of 
the crystal. If 2p be the angle siibtenclocl by the arc St S 2 at the 
centre K, tlic glancing angle is given by ^=90^ 

Nemssity for rocking the cryniaL —If tlie reflecting power of 
the crystal is uniform in cliflperent parts of its reflecting face, the 
fixed crystal method may work well; but if otherwise, the crystal 
must be rocked within a degree. The rapidity of rocking must 
bo adjnsted according to tlie sensitivity of the ionisation aiiparatus, 
otherwise an illusive fine structure will be indicated, due? to non- 
iiinfornuty in the reflecting power of different parts of the crystal. 
In practice perfect crystals arc so rare that it is tlic universal cnstoin 
now to keep the crystal rotating, otherwise in the fixed crystal 
method false linos dm? to imperfection of the crystal may appear and 
vitiate the result, 

I. (C) SlKOBAHN^S PjlKCIBTCm MKA8IIIlli}Ari«)NTS.* 

Siegbahn^s spectrograph is 
almost the same in principle as 
that of W. H. Bragg, the only 
difforenoe lies in the fact that 
photographic plates arc used in 
lilace of ionisatioji chambevH. 

The principle of the instru- 
nient is illustrated in Pig, ifl), 

The crystal is set parallel, 
to tlio beam, and the axis of 
rotation (througlt 0 ) is brought 
on tliD surface of the crystal. 
The photograpliic plate P is hold 
tangentially, to Ihe divided circle. 
It is apparent that the focus¬ 
sing condition doofl not a]q)ly rigorously to the case of a photographic 

* For Siegbalnds methods see SpeUroskoine der Bonif/emlrahlm (1931). 
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plalo; for tho plato toiiohcs tiio dvvh ut oik^ pniiit only. Tins iippvoxi- 
nuilii glancing angle 0 is Poiunl ))y Lho ordinary nuitliods. Thtj 
plate is then hronglit into tlio position I, so tluit it makes an angle 20„ — P 
with tho (llvoction of tho X-ray heain (P is only a small angles (shoscii 
arbitrarily). Tho crystal is hroiiglit to tho position 1 ajicl tho spootrum 
lino Is riscovdod at Tj|. Tho plate is now brought to tho position I]> by 
rotating tlio arm carrying it through \0„ - ‘2p. Tho crystal is also brought 
to the i)osition IT. 'rhe spectrum liin; is rc(iord(!<l at From tho liguro 

- 4ft, ~ 2p H- S 

whore On i^ the (torreot glancing angle, 8 is tho angle subtended by Li Ij 2 
at tint e'o litre. Th(^ distance Li L 2 is measured on the eo in para tor, and 
if R is tiio distance of the ])lnte from the centre, 

jft 

^ ■” li 

in circular nn^asure. 

The small angle p is given dilleront values, both on the positive and 
fclio negative direction. The mean ft, gives the most a(!enrato valium of 
tho glancing angle. 

In Sieghalm's aptiaratus tho jKiints N), 1j{ and L 2 are so near each 
other that the deviation from focussing condition does not matter much. 
Moreover, tho radius R is kept largo, tlio beam is narrow and tlie anglo 
through wbi(5li the crystal is rotated is read very acouratoly on a vernier 
scale. Tho crystal is selected so that its lattice planes arc not distorted, 
and so has uniform rellceting power. 

Compton and DoaiTs method of X-ray spectroscopy will be doBcribcd 
later in § 14!1. 


138, Dispersive Power of a Crystal. —^^riio dispeumvo power 
of a crystal is (hmoted by z/X/r/ft Ifrom Braggs^ (upuition \ 

v\ 2(1 sill 0 


we got 


(IX _ 2d cosj? 
(To n 


' For small vnluos of 0 tins bocomos 

'A .('ojistant. (3()) 

(10 /A 

Jle^sokifij/ P()W(*)\ —Thus i\m disporsivc |)owor for any crystal for 
tlie same onUw of roHoction is constant* Oji the other liand, the 
resolving i)()wer of any spectral instrument would dcpendtoalargo 
extent on tlnv breadth of the X-ray lines, and tlmrcforo on the 
breadth of the slit But due to tln^ fact, that tlic X-rays cuter inside 
V. M 
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the crystal, the width of the linos will not only clepciicl on the width 
of tlie slit, but also on the thickness of the crystal traversed by the 
ray. The resolving power can be calculated from tlie diagram b(dow 
(I^g. 40). 


Let the source bo a slit of width s at a distance a from the crystal 
which has the thickness L Let us assume that the crystal is inclijie<l to 

the beam SA at a glancing angle 0. 
Then according to Braggs^ Law, a 
wavelength % will be reflected, and 
will bo recorded at The 

breadth of the lino will be 

equal to that of the slit to a first 
approximation. But tlie inchlont 
beam will penetrate into tho crystal 
to some depth and be reflected from 
the lattice planes in the interior. All 
these reflected beams will be recorded on. the plate, so that instead of 
getting sharp lines on the plate wo will get bunds with one sharp intense 
edge and the intensity falling off on tho other side. This fading is due 
to tho fact that X-rays are absorbed as they enter the crystal, and tlie 
rays reflected from lower layers thus become weak, 

We can now try to calculate the true resolving power. It will be seen 
from the geometry of the diagram that tlie breadth of tho spectrum line is 
equal to s-h2/cos 0 whore t is the thickness of tho crystal, and ft the 
breadth of tlie slit. 



For, 

Also 

or 


AD = 


BE 
sin 20^ 


AD 


t 

sin 6 
DE = 2t cos 6, 


DE 
sin 20' 


Therefore the breadth of the line = 5 + DE =: s + 2/ cos 0, 

In order that tho images of two wavolengtha are resolved, tlicir 
centres must be 54-cos 0 apart, otherwise they will overlap. If wo have 
two wavelengths % and X-hdX to resolve, the crystal must rotate through 
an angle dO such that 

, = 2(1 co^O do 


Since the reflected ray rotates twice as fast as tho crysbil, it will rotate 
through an angle 2(W, If we keep the plate at a distance r from the crystal, 
then the displacement on the plate of the images of tlie two wavelengths is 
equal to 2 rdO. In order that the two wavelengths arc separated 

2r do > s ^ 2t cos $ 
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or (IX > - - (.S' + 2/ cos 0) 

nr ' 

// cos 0 , , .V 

> (•’>* ^l- cos 0) . . . {i\l) 

Tims io order to dosign mi appnviitus having liigii n^solviiig’ po\v<u*, wo 
must make dX small. To ensure, tliis a lar^^ci value of r is taken. The 
crystal is so chosen that not only its grating' spuc(i d should bo smalk but 
also it is mlvantagcous to take / tlio thickness of tlieeaysial, to bo as small 
as po.Hsihle. Spoctroso{)pos' have been {lesignod to iiicroaso thoir resolving 
power taking account of tlio fae,inrs in tlui al)ov(^ expn^ssion. 



139* Seemann^s Schneiden and Loch^Kamera Spectro** 
graphs*— Seomanu drew uttontiou to the fa(5t tliat • tho hreaillh of 
the spoctrum linos in X-rays not only (k^pouda upon slit-lircadth but 
also on llio thickness of tlio crystal. And in ordor to ovorcomo those 
didlciiltios, ho modified his apparatus in the following way, 

(1) Sv.hncMm Mdhod.’-h\ this inothod (Fig, 41) tho slit is dispensed 
with, and ijistead, a wedgo W made of loud or gold, is placed on tho crystal 
table so that tho sharp edge of tlio wedgo 
touclios tho crystal C and lies on tho axis of 
rotation of tho latter. This lias tho cficct of 
greatly reducing tho broadtli of tlio refiooted 
beam, so that in tlio above c(iuation (S7) wo can 
put the oirectivo width of tho slit to lio zero. 

Tho linos obtained from tliis arrangomont are 
sliarp. It is interesting to note that this arrangomont always satisfies 
tociis.sing (5ondition. Tho (jrystal table is rotated as usual, and tlio various 
spoctrum liiuss are rocordtjd on tho plat(^ But in tliis nmtlind tho ciroot duo 
to tho thioknosH of tho crystal has not been eliminated, Tliis is done in the 
next arrangomont, 

(8) IjQGh-Kammt.--h\ this arrangement (Fig, 42) tlio slit Is placed 
not in tlio incident lioani hut in tho relkaiad he,am, Tlio slit S| in the 

diagram shows Us position Avitli 
respect to the crystal A broad 
beam of X-rays falls on tlio 
crystal Kj uiuloiily tliat part of 
tho Bpeotnim is allowed to puss 
through tho slit which obeys 
Bragg H law, As tho glancing 
angle is fixed, tho crystal cannot 
bo rotated so as to photogrnpli 
tho whole spectrum; but instead of that it is simply displaced porponclicular 

^ See Siogbahn, “ S 2 )ckiro 8 lcopie dcr Wjilgenslrahlm/* 1081. 
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to its face. In tho positions of tho crystal shown by dotted lines 1C 2 and 
K 3 the glancing angles are different, and therefore diffovont wavelengtiis 
^ 1 , ^3 .can be photographed. 

140, Spectroscopy of Hard X-rays, —In the preceding part 

of this section, the impor¬ 
tant spectroscopic methods 
have been described, and it 
has been pointed out that in 
the Bragg-Siegbalm method 
the glancing angle should be 
very accurately measured, 
Butin the case of hard X-rays (beyond 7 A. U.) the glancing 
angle becomes very small and so it is not possible to measure 
it very accurately. * Hence in these cases, distances between spectral 
lines are measured instead of angles. 

Sie(jbahn*s Apparatm, —Siegbalm* designed an a]iparatus illus¬ 
trated in ]?ig. 43 for measurement of the wavelengfcii of hard X-rays 
(up to ‘5 A. U.). 

He uses a transmission method hrsfc tried by Ruthorfonl ami Andi'ad( 3 f 
for determining tlio wavelength of y-rays, The lead slit B limits tlu 3 beam 
of incident X-rays, The rays then fall on the crystal K of eiihuU? or 
rocksalt This crystal has been out perpondicular to th (3 (dt'avago pining 
and so the atomic planes which will reflect the rays, arc porjamdicular to 
the faces. A fine slit Si made of gohl is placed nexT to tluj erystal. Tlie 
crystal, the slit, and the arm carrying the photographic plate P ure rigidly 
connected and can be rotated round an axis passing througli the slit 8 j. 
The distance between the slit Si and the plate P is about a mo to, The 
plate P is adjusted parallel to this crystal by optical moans, ami a s<M‘ojid 
slit S 2 is placed close to. the plate P so that a lino drawn tiirough the 
slits 1 and 2 is normal to the photogrupl^ie {date, Pirst of all the nrin 
carrying the erystal plate, and the slit 1 is rotated so that tlie direct heani 
pusses through the .slit 2 .and produces an image on it, The arm is now 
rotated and brought to the positign shown in the diagram so that l\m 
X-rays get reflected and are recorded at Xj. In onler to cut off (ho direct 
beam, a lead block L is placed before the photograpliic plate. The arm 
is brought to a symmetric position on the other side and another photo¬ 
graph is taken. The distance between tlie two spectral lines subkmds 

Siegbahn, Speldroskopie der EdnUfenslrahlen” .193.1, 

f Rutherford and Andrade, Phil, il/fti/,, 28, 263, 1914, 



Skgbflhn’iJ ftppai'tttna for bnrd X>ray Spisutrosoopy, 
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ail imgh (I:(p at (;lu^ slit, and as (]h(5 {linttunu) l»‘tw(?oa slit B| anti tha pluie V 
ia known, so that 0 bo cal( 5 iilatod from fcho forinuhi 

tan 20 

X 

whoi’o ^«tho‘jlanoing ang’lo, «=half Iho dislnnco hotwoaii Uio rooordod 
linos, and is moasnnjd l)y a tmvollinf^ ini(iroscoiK‘. (lislan(5o 

botwoon plato and tho slit Sj. 

Tills niofchod is aocuvato for small waviilon^dilis, but for largca* wavo- 
longths inucoum(iios eroep in duo to tho faot tliat tlio [diotogniphio platos 
avo novor fcruo pianos hut aro buoklod ami twist^jd. Tlio wholo apparatus is 
enclosod in a load box to provont fogging of tho iilatos. 

Wo doscjribo bolow tho spoctroscopos dosignod for tho rogioii of oxtromo 
long wavidojigths (botvvcum X 2 to 45 A. IT.). For tho intcaunxlinto rogion 

(A 0*5 to 13 A,U.) gonorally Uio Bragg >Spootromotor can bousiuL Bicgbahn lias 
rooontly (loslgnc?d a moro aoourato ‘tal)o^ spootromotor for this n^gion, an 
account of which (uin ho found in Ids book SpeldroskopiG der limlt/eniilrahlen, 

0 

141. Spectroscopy of Soft X^ays (beyond 2 A, U«),— 

Motioloy'n Vaminii Sprrlrofirn-jjk ,—In tlio region bcyoiul 
0 

2 AdJ. tho absorption due to air booonios very strong 
and HO it booonios iiooosHary to put tho Himctrogmiih 
insido an ovucuabal (dminbor. 

Mosohiy^s* origi¬ 
nal vmamin spiattro- 
graph, dcsigmtd on 

this principle is 

shown i]i Fig, 44. 

Tli(» cluunhia* M is 
(•onnechid to the 

X-ray tulm 11 liy Kliaf. i n MnH{'li*y»H Yftfuuin 

means of a side tuln^ W. The imd of this tube is closed by means of 
a thin goldla‘ater*s skin. X-rays origlnato from tlio target T and 
pass through tho gold-beater’s skin at W into the ehamhor M. This skin 
separatoH tlio high vacuum side of the X-ray tube from the eomiiarutivtdy 
low vacuum in the ehamber (pressure I imn). P is a jiliotograplnc plate 
chamber in tlie holder A. Tho crystal L of potassium ferricyanido is 
mounted on tho tablo B. Mosoloy’s apparatus is workeil by tho iixod 
m\ystal method, and ho is not convenient. 

Siojjhahn'a VacAtmn Spevlropruph }^.—In Hii^ghaliids vaemim .spac- 
trograpii shown in Fig. 45, the crystal as widl as the iihotograpiiic 

^ Mosoloy, mi Map.y 27, 70d, 1014. 
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plato can be rotated frojii outside. The crystal and tlio idafco liolder are 
connected to two vacinun-tiglit ground metallic cones coaxial with each 
otlier, This system of cones pass out of the bottom of tho chainbor wliich 
has got a corresponding ground cono to fit tho above cones. AVith the liclp 
of a little grease the whole arrangement becomes vacuum-tight. 

Tho crystal can be rotated from outside and sot for any glancing 
angle, for tlie cone to which tlio crystal-holder is fixed has four verniers 
attached to its lower end whore it emerges out of the chamber. This 
vernier slides against a circular graduated scale (15'') wliicli is lixed to 
tlie cone currying tho plate-lioldor. 



Klg* 4Q. SlpgpbAltii'B Vneutnn Spcctrograpii. 

Two microscopes diametrically opposite each otlior are rigidly fixed 
to the chamber, mid the circular scale is road by moans of it. Tho 
microscope provides tho zoro-position for the plato-holder and of tho 
crystal. Tlio crystal is rocked from outside without disturbing tlio 
vacuum. Tho crystal is set parallel to tlio beam, as well uB to tho axis of 
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rotation which is made to pass tlivough tho face of the (Crystal. Tlio X-ray 
tu])o is fittcMl up into tiu) chamber by moans of a side tuho, A tliin foil 
of aluminium is used to separata tho lu^h vacuum side of the X-ray tul)a 
from that of the low vacuum in the chain hca’, Hut when nujuired to work 
near tho region of X 8 A.U. this aluminium foil becomes a disadvantage, 
for it absorbs luuivily, as its K-ahsorption limit is reached, A thin foil 
(f) p) can workup to 12 to 1.B A.U, In order to overcome this difliculty 
high vacuum spectrographs have been devised in which the aluminium 
foil is removed. Tlie X-ray lube and tin? spectrograpli chamber have the 
same vacuum. Siegbahii had to take elaborate pri^cautioiis to achieve 
this, for some air leaks into tho cliambev throngli tlio greased cones. 
A thin plato of Aeheson grapl\ito has boon useil in place of aluminium 
in this laboratory with good result, 

Ho rc-dosigiiod his apparatus* in 1926, ami made tho size of the 
clmmbors small and compact so that it was not diflicult to maintain very 
high vacuum with tlio fast pumps at his disposal Tho sensitivity of 
tho recording apparatus was increased, by substituting a Qeigor-countor 
for tlio Schumann pliotographic plates, Formerly, tho limit to which 
long-wavo spectroscopy had boon extended was U A.U,, the K-series 
of Na, Hut with high vacuum spectrographs, it was oxh.aidod to 73 A. U. 
by Sieghalni and Dauvillor in 1027. There was a further didlculty regai-d- 
ing the (dioioo of crystals, For long wavelengths a crystal of largo 
spacing is required. Gypsum 7’5 A.U.) and mica (rf«9’0 A.U.) were 
used liy previous workers, .But they are not Huitablo for long wave- 
hmgths, for the glancing angh^s become very largo and tho spectrum 
linos timd to hiuamio curved .It was discov<a’(Mt liy Muller, Blieaver and 
Brngg*[‘ ill 1924, that tho crystals of fatty acids have Viwy largo spiumigs. 
For exampl(», tho imlmitic acid crystal has A.U., and tlio eerotic 

a(ml 72 A.U. Thoracmsi in his woric on the K-series of 0 and F used the 
former, and l)auvillicr§ used imdissic acid crystals, and mapped tho 
Hpectrum region lip lo 73 A.U., the wavelength of boron K-lines, Now-a- 
days the lino grating method has riqilaeed tlie crystal method of Bpecivoscopy 
in lilieso ri^gions, It-will ho discussed in § Idd 

142, The Double^Crystal Spectrometer,— M^e Iiiivo .seen in 
§ 138 that the broadening of X-ray lines in duo to the fact that 
when X-rays fall on a crystal, they pmK'trate insido tho crystal and 


* SieghahirH HpektroHkopic dcr lionlijemimhlcn^ 1031. 
t MiUlcr, Shearer and liragg, Tram, Chmn, Soo,^ 123, 3156, 1923, 
t Thoracus, Phil Mag,^ 1, 312,1926. 

^ Dauvillior, Jour, do P/wysijwc, 8, 1, 1297. 
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thus reflections take place also from lower planes. But this ]n'inciple 
applies to hard radiations only, Greaerally, in the case of pGrf<K».t 
crystals (though really speaking there arc no perfect crystals), tlu' 
upper layers reflect a large part of the X-rays and shi(‘Id the low(n’ 
layers; and therefore the lines become rather sharp. "Phis ollect 
was explained by Bragg who showed that the absorption at tln^ upper 
layers increases when the crystal is sot at an appropriate angle for 
reflection, , It was denoted by him as primary extinrtiov. In the 
general case therefore wlicro the primary extinction occurs, the 
breadth of the X-ray lines ob.scryed must bo due to some other ojuise. 

The broadening of the X-ray lines has been investigated by many 
workers, as it is known from spGCtro.scopic theory that many of 
the X-ray lines consist of close nuilti|:)Iets, In order to analyse 
them the x^hotometric study of intensity distribution along the 
breadth of the lines has become necessary. 

It has been already mentioned on p, 2(14 that duo to tlie imperfec¬ 
tion of the crystal a false broadening a.s well as some irregularities 
occur in the structure of the linos. In order to avoid this, the crystal 
is rocked through a small angle. The breadth still p(3rsisting is the 
true breadth of the line and must be ascribed to some other reason. 
Tlie photometric study of*the true breadth of the linos shows tliat 
the intensity distribution follows the Gaussian curve, The reason 
for this is that the surface of the crystal is in the momic fornix that is, 
a natural crystal consists of minute- crystals oriented in all possible 
directions. And so when the reflection takes place from the mosnic, 
the distribution of intensity across the lino takes the Gaussian form. 


In order to make a closer study of the broadening oflfcc^ tlie mothoil of 
double*crystal spectrometer was devised by Pavia and Stempol’’*, and 

improved by others, The ehiet advan¬ 
tage of this method is to incroiiso the 
dispersion, and to aiuko the breadth of 
the lines independent of the slit-breadth ; 
blit duo to double reflection the intensity 
of the finally reflected beam is much 
reduced and so the iihotograjildc me¬ 
thod cannot be applied. The method is 
illustrated in Fig, 40. X-rays fall on 
tlie crystal A at the point a. If the ray finds suitable glancing angle, it is 



Davis and Stompel, Phys. Rev.y 17, 626, 1921, 
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rollcotod lio fcho soooncl crysiiil B. If t-liis crystal is also i^laccd attlio appro^ 
priatic ^‘laiHjing angle, the my again gets ro(!(?ote(l and is received in an 
ionisation chainbor (not shown in the diagram), Importaiit results 
concoi'iiing fcho satollitoa of X-ray lines, (>)mpton ofloct, ole., have been 
ol)tained by tliis nuithod. For further information the original papers'^’ 
may bo consuU(Kh 

(htrved (/njHlah ,—Rccontly tTohanut, Gaucliois:|: and CarIsson§ 
have usod cylindrically curved crystals of gypsum and mica for 
analysing X-vjiy 8]mctra. A thin slice is cut from the natural crystal, 
and by a suitable niTungemont of screws it is b<mt into an arc of a 
cii’clc (radius 50 cinsO, so tliat the reflecting siirfuoos arc curved 
instead of being ])lunos. slit, the-crystal and the photographic 
plate arc arranged in the Rowland inouuting positions as in Fig, 40. 
Tlio chief advantage of this method is that a broad beam can bo used, 
and for tliis a large focal spot of the X-ray tube witli a largo cuiTcnt 
density can be employed without the risk of damaging the anti- 
catliodo. On account of the curvature of the crystal, the beam is 
sliarply focussed by reflection, Further the glancing angle of the 
incident rays would vary over a wide range,-so tliat a largo part of 
the siiectrnm can be pliotograplicd at a time, 

143* * * § Absolute Method of X-ray Spectroscopy.—Thibaud 
and Hunt, Soderman, and Siegbahn and Magnusson’s 
Apparatus. —Compton and Doan II (1024) allowed a beam of X-rays 
from a Cu target to be reflected from a, crystal of cal cite set at the 
proper ghimhng angle. T\m rcllocted ray consisUng of Ka-radiation 
was next allowed to fall on a plane and coarse metal grating (witli 60 
line.s per mm.) at a very small incident angle, The oxporimont 
formed a .sequel to the total reflexion (§160) of X-rays by glass and 
metal plates discovered by Compton sometinio ago. In this experi¬ 
ment they waut(5d to study the same effect wltli the aid of gratings, 
It was found that not only was the beam totally rofloctod by the 
grating, but a spoc^trum was also present consisting -of liighcr order 
diffraction images of Kai, This discovery gave a new motliod for 
X-ray H]i(^ctrosoopy. 

* Allison, Phys, Ikv.y 38, 203,1031; Sponcor, Phya, jf?m, 38, C18,1031, 

t Johann, Zi /: Phya., 69, 185, 1031, 

1: (knehois, (hmpkfi Raml.^ 104, 300,1032, 

§ Onrlsson, Zh. f Phyn , 80, 001, 1033. 

II Compton nml Doan, Pfoo, NaL Acetd aSc,, 11, 508,1925, 

P, Of) 
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The usual uiTangemeiifc for such experiments can be studied from 

the diagram given below (Fig, 47), 
Let A A be the grating surface, 
and SO bo a beam of X-rays Incidont 
at an angle i, li is tho direction of 
the totally reilectcd ray. In a direc¬ 
tion OB, the intensity of the di/Irac- 
ted beam will be a maximum if 
n%—(l (fiiir r—ain i) 
where r is tho angle of difiraction 
(this is obtained from the theory of tho plane gratings), d is the spacing 
of the grating linos. If a is tho angle BOR then 

d [sin (a+^) — sin i\ 

If wo tnko 0 to be tho glancing angle, the above equation becomes 
nX ^ d [cos (^—a)-cos $\ 

2a sin — 2 —• sin ^ 

= |-{2tfa-a8).(38) 

for 6 and a aro small. 

If OB is on tho other side of OR, tho formula takes tlio form 

^ rf(2ct(9d-a2) ^ 

nX ^ —- .(38a) 

It has to be noted that a and ^ aro small angles, and consoquontly tlioy 
have to bo measiirod accurately, $ must be loss than Om tlio critical angle 
of rofloxion, It will bo proved in the section on tho optica of X-rays tlnit 

sin x/rrjl, 
whoro \i is tho refractive index, 

This motlioci of (inding wavolGiigths is known as almhite, be¬ 
cause tho value of d (spacing) is not known from any crystallino. 
theory, but dii’ectly from the measurements of the grating Bi)aco, 
wliioh can bo easily done with the aid of a standard optical line. 

Some workers have used piano metal gratings, but gonorally 
glass gratings are preferred on account of their larger rellccting 
power. The grating space varioa from 200 to 1100 lines per mm. 
according to the natoe of the work, 

Thibaiid* and Huutf were tho first to apply this method to 
the specti’oscopy of extremely soft X-rays, and'they sucooeded in 


N 



* Thibaucl, Jotir, d, Phys. et le Radium^ 8, 447, 1927, 
tHunt, Phys. Rev., 30, 567, 1927, 
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photographing tho K-scri(!S of H and iX Tjat(ir Sikbrnirin* with 
improvetl a])pamtns r(«icl\(ul tlu'< K-norics of Bo and Li. T.\\o. lato8t 
iipparatUiH baH(}d on this princii)U' is duo to Siogbahn and Magnusson‘[*, 
This is dciscribod Ix’low (t*'ig, 48r/). 



1'Ik> JHf/. Bicf{bAim mid NagnuBfion'rt Appm'AlUH. 


A ohambor ot triuugular sliapo as shown in tlio (liiifjvain onclosos the 
grating and tho photograi)lu(5 i)la(;o. Tlio grating is lioused in the circular 
portion at tlio middle of tho figure, Tho grating holder has a stool-wcdgo 
just at tho axis ot rotation (as in Sooinann^s spectrographs). Tho holder 
fits into tho cluunlxa* from tho top by inoans of ground eonoa. Tho 
upper portion of this grating holder has a circular, head graduated to a 
fraction of a degree. This scnlo is read by means ot nncroscopos (not 
shown in tho diagram) fixed to tho bo<ly of the chamber, Tho microscopes 
read tho angles through whitih tlm grating is turned, Tho steol-wodgo in 
front of the grating limits tho beam (as cxplainod in SocmaindB apparatus), 
HO that tho error duo to divorgeuco of tlie bourn is oliminated. Tlio chaiiv 
bor ends on one side (to tho loft) in a ground cone to which llts a corre¬ 
sponding cono of tho X-ray tubot. Tho X-rays como from the target and 
nro collimated by a series of slits shown in tlio diagram, Tho base of the 

* Sfidorman, Zs> l\ Pliya.} 52, 795,1029. 
i* Siegbalni and Magnusson. Zh. f\ 63, 4135, lOBO. 
t Tho entire system to tho left of tliu grating is tho X-ray tube. For 
the description of tliis see § 145, (2), 
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trlanglo forming fclio cliamhor oonbains fcho plnlie-holdor, Tho lid to tiho 
oxtrome right can bo removed when loading tlu^ ])hUe, an<l is ciiBily 



replaced, A load sheet in tho form of an arc is phi<!«d botweon lilni grating 
ajid tliG plate, and servos to shiold from fogging tho un(3xpoH(‘d part of tlu3 
plate. This shield can bo oporatetl from outside without disturbing tlic 
vacuum, TIk^ chamber niul tho X-ray tube ar(5 cvneuatod togc^tlmr through 
a side tube, 


A typical Hpcctrogram is shown in Kig. 48, Plate V. R is tho 
reiloctcd ray and the various order ol: spectra can b(i nv.m beyond it 
Moasuroiuoiit ol: wavolengtii can be clone iirtlui following way 
as illustrated in Pig. 48/;. Hero angle of incidence and 0-^glanc¬ 
ing angle. 


If II bo tho rcfloctod imago ala distance o) :froni the ciiiUral spot 0 
and / tho clistjuico betwoon tho plato and grating, then wo have 


tan 20 » cd/I 

Let S' bo tho imago of any spectrum lino, Then 

liiin (2</,-|-a) = .(HO) 

whoroa is tho distance of the lino S' (wtioso wavelength is to Im (jarculuted) 
from tliG roflected image It. 

Ifrom tho ahovo two orjuations 0 and a arc found, and substituted 
ill tho equation 


111 ^ (2a0 d- a2) . 

"Tho value of I is thus readily obtained. 

Differentiating the oquatioii (40), 
da ^ 

dl (0Ta)7/ 


. ( 40 ) 


or 


AX - ii±^Aa . 


'\\}d 




whore 04-a == 41 , tho divorgenco. 
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The diaporfiion is snoii to ho vory small, simply hccauso d is com- 
pavativoly largo; and it doponds on tlio angle of divergonoo only,'^ 

144* * * § Concave Grating. —Osgoodf appliod the focal property 
of the coucavo grating to X«ray spectroscopy and reached VifiO A, U. 
of A1 in the region of soft X.«rays. 

Since th( 3 n JOdlontj^ Kkefors§, ArvvidssouU and otliora have con« 
atrncted new apparatus for the spectroscopy of extreme ultra-violet 
rays using small glancing angle of incidence (about lyi)") with concave 
gratings having a radius of ciirvatiiro of about one metro and 1184 
linos i)er min, "Pho same apparatus can bo used for very soft X-rays 
(40 A, TL to 150 A. I),), Siegbahni is ol: tlio opinion that the concave 
gratings are more suitial for this range than the plane gratings. 

Fig, 40 above shows a slcoteli of tlie nrrungoniont, The concave 
gruting (> and the first slit 
Sp lie on the circle liaving its 
centre at 0 and radius (!(iiial 
to tli(> radius of curvature 
oEthegrating, A thin photo- 
gruphioplate is hont along the 
arc of the civelo and dilFer- 
ent wavulongtlis nro focus¬ 
sed on it. C is the imago 
of the totiilly relleoted lino, 

(hmparmm of oryHtnl 
and gralinf/ meihod.s. 

It Ims been found 
that there is ii Hystematic dilftireuee between the values of any 
wavelongtli obtained by the crystal and the grating method, 
'i'his has led to a (iontroversy regarding the relative merit 
of tlio two uKdJiodB, which 1ms not yet bomi satisfactorily oleai^ed 
up. The diflerence cannot bo attributed to cxperiineutal error; 
there must bo some fiimlameiital dideroiieo in our uudorstauding 
the theory of either of the methods. IJeardoii** is of the opinion that 

* For iho calculation of roaolving power see A, A¥. Porter, Phil 
5, 33,10(17, 1028, 

t Osgood, Phys, /^r., 30, 507, 1027. 

t KdUui, ;?/?. 73,476, 193^ 

§ Iilkefors, Zs, f Phys.^ 71, 53, 1032, 

I AvvvidsHOii, Amii d P%s,, 12, 787,1932, 

II Hiogbahn, Proo, Phya. ooa, 4B, 689, 1933, 

Bearden, Phys^ ifoa., 39, 1, 1932. 
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the grating measurements «ai*e in error, for ho found agreement 
between the values of the same wavclougtli as obtained from the 
crystal method and the prism refraction method (§158). Baoklin*^ 
and Cork do not subscribe to this opinion on reasonable grounds. 
They point out that the agreement between the crystal and the prism 
methods is duo to the use of the same auxiliary constants in the 
calculation of wavelengths in both cases, On the other hand the 
grating metliod is direct and does not depend upon the values of the 
auxiliary constants. 

145* X-ray TubeSi—During the four decades that have 
elapsed since Rontgen^s discovery, a large number of X-ray tubes of 
now patterns have been designed to meet the requirements of the 
various apidications to which these rays have been put. But all of 
them can be classed bi'oadly in two groii])s : 

(1) Ion typo, and (2) Electron type. 

The original X-ray tube made by Itontgeii was of the ion tyi^e, 
and a description of that apparatus has been given in the beginning 
of the chapter, In every X-ray tube, there must be a cathode, an 
aiiticathode or anode and an insulating material separating the two. 
In Routgen^s X-ray tube a glass globe separates the cathode 
from the anticathode, l^^urthcr, the space between the cathode and 
the anticathode must bo capable of conducting electric current at a 
very high voltage. There are two methods of achieving this, and 
each of thorn has given rise to the two classes of X-ray tubes men¬ 
tioned above. In the first the ions act as the carriers of electricity, 
and in the seconds the carriers are the electrons. 

(1) TlieIon4!/2)6 lkibc8,-h\ these tubes, the space botwoea the cathode 
and the anticathode is evacuated to al)out 10*'^ to 10”^ mm. pressure. It 
nmv high voltage bo applied, .so that the cathode is negative and anti- 
cathode is positive, a current will pass through tho tube. The magnitude 
of tliis current will dopond upon tho pressure ol: the residual gas inside. It 
is supposed that tho electrons first originate from the cathode which ionise 
the residual gas and the ions are driven with great velocity by tho negative 
electric potential of tho cathode on to tho anticathode. Tho cathode is 
generally a concave piece of aluminuun, which is chosen because it sputters 
least. Tho aiitloathodo is placed at a distance from tho cathode equal to 
tho radius of curvature of tho latter. Tho liigh velocity olootrons are 
focussed on the anticathode, and as thoy are stopped, X-rays are genovated. 

Blickliii, Phpa. Rev., 40, 112, 1932, 
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It has boon I'ouiul that the intensity of X-rays depends upon the 
nuignitudo of the (airrent, Avhilo their penetrability depends on the voltage 
applied to tlie X-ray tube. The current 
depends not only on the voltage but also 
on the residual gas pnmsuro. And con- 
flcquently a slight change in the gas 
pressure will mean a change in the 
eurroiit passing throiigli the tube. Ion 
type X-ray tubes generally have a ten¬ 
dency to become liardor {ie.y gas pressure 
tends to deoreast^, b( 3 causo the gas is 
absorbed by the walls of tlio tubo) when a 
discliurgo is passing through them ; .and 
wlum tills happens, the current diminishes 
and witli it the intensity of X-rays as well 
On the other hand the high tension equip¬ 
ment tends to no-load characteristics and 
HO the voltage rises to some extent. The 
rise of voltage moans the production of 
X-rays of greater penetrating power, and 
inuoli less intensity. For these reasons 
unless tliG gas pressure is under control, 
it is difileult to get X-rays of uniform 
quality from this typo of tubes. There 
are siworal devices by which the gas 
proHSuro is adjusted, but still this type 
of tubes is far from satisfactory. Below 
wc give the diagram of a demountable 
typo of ion X-ri\y tubo which is widely 
used in lalioratoiies (Fig. 50). 

Tills iiil)e was desiguod by A. 

Iladding’*' in 1920. 0 is the cathode 

and it has been scrowod on to copper 
tubo B with its lower end closed, 

This copper tubo lias another narrow tube X passing through it 
coaxially, K 5 and Ko uvo i ilot and outlot pipes and water is allowed 
to ilow through tlumi ho as to cool tlie cathode. In these tubes there is a 
further disadvantage that they are not self-rectifying, and so the positive 
ions proHcnt inside fcho tube give rise to an inverse current which heats up 
the cathode. Tlio cathode systoni is passed through a massive porcelain 
insulator P. This rests upon the metal body of the tubo M, The space 8 



Fl|r* IlaUding liibo. 


Hnddinp, Zs, f, Phys., 3, 309,1920. 
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is filled with picein or sealing-wax to make the apparatus vacuum tight, 
The metal body has an. aperture.R in its lower part just opposite to tho 
cathode* and a metallic tube D is soldered to. it so as to make a vaciuiin- 
tighfc joint. Tho lower end of this tube is ground conically so os to fit the 
anticathode A. The grinding must be perfect so that with a slight amount 
of Rarnsay-vacuum grease, the joint is capable of maintaijiing very high 
vacuum, Tho target is fixed atT, and Ki, IC 2 are the pipes for leading 
^Yater to cool the anti-cathode, The body of tlio tube is also water-cooled 
by means of concentric jackets, • becauao it also gets heated duo to the 
bombardment by stray cathode rays, and tends to emit vapour. The plane 
of the target makes an angle of 45® with the direction of tho cathode rays. 
The tube I) has three holes, one of which can bo seen at hi in the figure, 
The holes are just in front of tho centre of the target T and they act like 

_ windows through which 

X-rays come out. They 
are covered with thin 
aluminium foils ('01 
mm.) so that the X-rays 

_j-^ . are not much absorbed 

^ ^ Low vacuum coming out from 

tlie target, Tho throe 
windows can bo utili.sod 
at the same time, Tho 
aluminium foil is press¬ 
ed by rubber packing 
Pig.Bt TUo»<,edio,.ho. ftiuUwo screws, 80 that 

the vacuum is maintained. There is one side tube I which is connected 
to the pump, and the neodle-valvo V is attached to tho side tube. By means 
of the needle valve the vacuum inside the tube can be adjusted to LheroquirGd 
amount, It is shown cliagrnmmatically in Fig, 51, It has a very narrow 
aperture closed by a needle, and this latter forms the lower end of a fino 
screw working in the body of the valyo. When this screw is raised or 
lowered, the needle allows small quantities of air to leak in througli tho 
aperture. The vacuum is tlius adjustocl, The ixeedle-valvo is not a self- 
adjusting instrument. If there is a slight change in the pressure duo to 
tho evolution of gas from the walls of the tube or from the sealing material, 

’ tlie needle valve cannot cope with it, It has to ho closed, and the Jiigh- 
tension current switched off; otherwise the cathode may ho damaged by 
reverse current. But the needle-valvo, ns sucli, is always at the control of 
the experimenter, 

(2) The Eleciron4yp& W, D. Ooolidgo devised in 1013 a very 

interesting method of getting complete control oyer tho current and 
voltage (is., intensity and pondtrating power of X-rays). In this method 




ligli vacuum 


Fig. 51. Tho nocdlo toItc. 
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all aucli Giraliic fantors aiich as adjiiHLin^^ tho gas prossuvo liavo boon oliiai- 
i\ai:o(l, Tho iuhos of fehis paljfconi havci a apooial kind of oathoilo whioli 
oontnins a si)(val of iungsion wiro at its contra, Tluj tulio is first ovaouatod 
coinplotcly so that it allows no ciimnit to pass throiigdi it wlioii tlio high- 
tension Is switehod on. The tungstoii filnin(3nt is lioat(?d to whito-heal; 
by. passing a ciuTont of few ainporos throngJi it It then emits copious 
quantities of electrons. If now liig’h toiiaion bo applied, a envront of 
electrons begins to How from tlie cathodo to tho aiUieathode. Tho cniTont 
througli the X-ray tube doponds on tho absolute l(3mponitnrG of tho tungsten 
lilnmcnt according to tho Richardson forimila {vide chapter on Therm ionics), 

i =. A 7’2 

w li ere « is the eurron t/eni. 

yl ^ therm ion 10 polential 


Tho absoluto temperatiiro of the filninont is controlled by tho lieating 
current, so that tho H, T. current passijig tlirongh tho lube can bo easily 
Haating-Cor-renl controlled, Thus wo can vary tlio in tensity 

- Qj! x-^rays without changing their penetrating 

Sll& Jis—_ power. If however tho vaounin is not perfect, 

the filament rapidly oxidizes and ultimately 
breaks down. Generally the vaoiuim is 
disturbed by tho vapour coming from the 
grease or sealing material between the 
joints. To avoid this Heveay and Ott 
dispensed with tho grease, and used load 
or rubber packings between tho joints, 



Pig. r>a. SkffbahiCH liot ealbodc? iiiolal inlie. 


Many worlcers have used thoriated tungsten or oxide coated Pt fUamonbs 
instead of ordinary tungsten wires. Those havo tho advantage that they omit 
copious amounts of electrons tit lower tomperaturo and so there is no risk 
of burning the filament. Wo give below tho closcriptlpn of an elootron 
typo of tube used in spectroscopic experiments by Siogbulin (Fig. 59). > 
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C is, a mefcftl cubG bored oufc in two adjacent faces A and B, and 
ground metal cones are fixed over them. The metal cone A fits into a 
corresponding glass cone attaolied to a glass tubing F. This tubing has 
.another cone at its upper and the anticathode piece E is fitted into it, 
The anticathodo is similar in design as in the case of ion tubes. In the 
cone By fits another cone H which has the cathode K soldered to' it. The 
cathode piece is almost the same as in the case of ion tubes, tho only 
difFerenco being a narrow quartz tube R through ^Yhich a stout copper 
wire N carrying the current to the filament is inserted. Tho upper end 
of the wire is sealed with sealing wax at T* The filament G is 
suspended from the lower end of the wire N, and the body of tho 
cathode. If a source of potential (say a step-down transformer as shown) 
is connected to tho upper end of the copper wire N and tho body 
K of the cathode, a current will flow through the filament, and will 
heat it to tho required temperature, I is a metal tube surrounding tho 
filament, and is used to focus the thermions on the anticathodo W. 
The aperture S acts like a window, Tho tube has another aperture at one 
of its sides, and tlie pump is connected tlirougli it. The strength of the 
insulating material will determine the voltage which can be applied to the 
X-ray tube. ' For very high voltages (200 to 400IW), long side tubes of glass 
of special make are used. These tubes are jnadc use of in the radiography 
of metal oastiiigs, 

. It has been .pointed out that the intensity of X-rays depends upon tho 
high-tension current passing through it, Tho current input of a tube 
solely depends upon the efficiency with which tho anticathodo is cooled. 
In fneV the. energy expended in an X-ray tube is almost all transformed 
into heat, and very little into radiation, This heat will eventually molt the 
anticathode unless it is conducted out rapidly. For works with general 
radiations, it is advantageous to iiso a metal in the target which has large 
heat conductivity and higli molting point, The size of the focal spot of 
the target has much to do with tho input limit. Mfiller* has given tho 
relation connecting the maximum power input the molting point Tm 
and the conductivity k of the anticathodo as 

w,„„, = 16-a 

where ^ is a function of the dimensions of anticathode, 6^ the area of tho 
focal spot, and iTo^lhe temperature of the flowing water. 

For very soft X-mys (5 to 100 A) the electron type of tube is very 
suitable. But there is one objection, namely, the tungsten vaporises from 
the filament and deposits upon the target From the spectroscopic point of 


*MuUer, Fm, Boy, Soc, A.y 117, 30, 1927; Proc, Boy, Soc, A,y 126, 607, 
1929. For. avoiding molting, rotating targets arc used, gee Muller, loo, eit 
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viow, tliia IB ii diBadvuiUtigo, for the tungsten linos also appear in the 
spoetiriinn This can bo avoided by intoiposing a thin cellophane foil 
boUvoon the cathode and the anticathodo. In this way, tungston vapour is 
proven tod from settling on thoanticuthodo. But then the electrons lose a 
part of tlieir v(3loclty in [)assing through tlie Coil. Thin can bo coinpensatod 
for by using a little move tension. 


146* X-ray Tubes designed for Chemical Analysis*~~It 
is well Iviiown Unit X«rays havcj proved to bo oxtroinoly usofiil to iho 
cliemical aualj^st. If aii alloy containing several substances be put 
on the antbeatbode of an X-ray tube, the relative intensity of the 
X-ray linos from this will toll the analyst the proportion of the 
ingredients in the alloy, 'riic discovery of new elomonta like Haf¬ 
nium*, and Klieuium were nnido with the help of X-ray spcotroscopy. 
The powder or the mineral to be investigated can bo easily pressed 
into the grooves in a brass or copper anti-cathode wliich can be placed 
in any of the X-ray tiibe>s described before. Labyf and otlxcrs claim 
that an ingredient existing even in so small a proportion as one in 10® 
can be detected with certainty by this method. As in the usual forjn of 
X-ray tubes the sample to bo analysed is subjected to bombardment by 
cathode rays, it either evaporates or gets dislodged from tlio'antica- 
' thodo. To prevent this, a uew’type of tiib(i is used in which the sample 
is irradiated by X-rays of sulUciont hardness to excite its characteris¬ 
tic lliiorcscoivt rays, and the latter can be 
spectroscopically studied. 'I?liis method is 
bettor suited for analysis work than the 
other, for it givcjs more correct ratio of the 
quantity of the ingredients, 'riie only dis¬ 
advantage is that longer (jxposurcss have 
to be given, for the lluoresoont rays are 
mucli weaker than the primary rays. In 
order to get a strong beam of lluorosceiit 
rays the X-ray tube has been modidod by 
Coster^ and Hcvesy8. The catliodo and the 



anti-cathode of the Costcr^s tube are shown 
in I^lg. R3. In this the focussing cylinder 


KIg, fiO. CoHli'i' niid UcYOAyM 
X-i'fty tubi). 


of the hot-oathodo C is made of the shape sliown in tlie figure. 


^ Por i\n account of the disco very of Ilafniuin and Uhoutum, boo 
HcveHy; Ohemiml Analmis hy X-rays^ Chap, XI, p. 182. 

"f Laby, Turner and JCdcly, 1¥og, Roy, Boo, A, 127, 20,1930. 
t Coster, Zs, f, Phys,, 40, 750,1927. 

§ Hevosy, loo, oil. 
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The sninplo to be examined is placed at I' on tho cylintlorX, The 
primary X-rays are produced in the anfci-cathodo A and fall on tho sample, 
The window S of the tube is so placed that primary rays cannot pass 
out of it, while fluorescent rays can easily emerge out, Tlio sample is 
placed at F because it is necessary to giyo to it a negative potontial, 
otherwise the X-rays produced from it will bo largely (about 86%) due 
to tho scattered electrons from the anti-cathode. It is clear that tho 
secondary radiator must be jflaced inside the X-ray tube, otherwise the 
intensity of fluorescent radiation will be very much reduced. 


147* High Tension Arrangements,—Formerly induction coils 
run by iiitorrupted direct currents were used to excite X-ray tubes. But at 
the present time high tension transformers with rectifying accessories have 
replaced them. Still it is useful to say a few words about the induction 
coils, Tho ijiduotion coils have straight cores made of silicon steel having 
high permeability and specific resistance, and at the same time low hys¬ 
teresis, The primary coils of thick copper wire are wound round tim core, 
The primary coil and the coro arc enclosed in a thick micanito cylinder. 
The secondary coils are wound and slid over tlie micanito cyliiuior whicli 
serves the purpose of insulating tlie primary from tiie secondary. When 
an interrupted direct current pas.ses througli the primary, very high voltage 
is developed at the terminals of the secondary, 

The motor-merciiry-interrupters are the most well-knowii. This is shown 
in Fig, 54, Two rotating jets of mercury J, J are allowed to fall on metal 
sectors A, A, A, A placed in tho fonn of arcs of tho same circle but separa¬ 
ted from each otlier. The jots are always in one lino and so make oleetri- 
cal connections between tho sectors placed diamotrically opposite wlien 
the jets fall upon them, The jets come out from two Jiarrow tubes, dipping 
in a trough of niGrcmy, These tubes are fixed in a wooden conical block 
whicli in turn is coupled to tho shaft of an electric motor, Tlio jets and 
the sectors a'ro enclosed in a metal chamber the bottom of which forms the 
mercury trough referred to above. This chamber is filled: witli coal gas to 



c 

Fig. Tlie liigli teiisteu Induction coll. 


provoiit arcing at tho time 
of break, A condenser C 
is placed across the inter¬ 
rupter as shown in tho 
diagram (Fig. 54), Tho 
capacity of this condensor, 
the speed of interruption 
and the inductances of tho 
primary aro so arranged 
that tho secondary voltage 


at the time of make is far loss than that at tho time of break. And as tho 
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voUngos at iniiUo ainl broalc aro oppo.sifco ojkjIi ofchov, tlio iiiduoljion coils givo 
inoro or loss uiiidiroctionaL oiirrcnfc. But tlio rovcrso current cannot he 
totally cllminatod itnless a rccttifioviH uflod. With the ion-type of tubos, in¬ 
ti uction (?oilH with rc{ 5 tirier givo quite satis factory results. If no rectifier is 
used the catliodti gets lamtcd and in course of tiniogcts pitted with deep holes, 
Even tlio rectifier lujod not he a very cflKncnt one, for the reverse curroiit 
which wo Imvo to suppress is very fcohlo compared to the <Iiroct current, 
Th(^ nu’/tiliors generally used are known as mlvc. and their 

reotifying property is <liu? to assyjumetric ol(3ctrodes in an electric bulb con¬ 
taining low vacuunu 

The interrupters arc always tiic source of trouble as thoy arc not suit¬ 
able for continuous work, The magnetic circuit of an induction coil is 
not clo.sed, and so it is not so ofliciont, It is no wonder that at present 
thoy Inivc been replaced almost cojnplctoly by transformer outfitSi 

148. High Tension Transformers.— The transformers are simi¬ 
lar in construction to the induction, coil. But the core is closed, and tlio 
wliole apparatus is kept immersed in oil for insulation as well as for cooling, 

Tlic tvansformor is fed with altornating current, and cousoquontly tho 
secondary also produces altornating current at high voltage. The roclifica- 
tion must bo very ojlicient in this ease, A Coolidgo tube (hot-catlioJo or 
electron type) is self-rectifying. But still it is better to rectify tlio curront 
before it passes through an X-ray tube, for otherwise lialt of eadi cycle will 
1)0 lost. The voetilication is managed in two ways:-— 

( 1 ) Mochanioally, (2) By Kenotrons, 

In tho first case (Fig. 55), a syiKihronous motor running at the same 
frequency ns that of the priimn-y alternating curront, Ims alarge disc M made 
of insiilaling materials like fibre 
or micanite fixed to its spindle B, 

This disc lias two im^tnllic scetors 
Hi and 82 altached U) tlie rim 
diametri(!ally opposite to each 
otlujr. A, B, 0, I) are four 
mciallie knobs placctl in the posi¬ 
tion shown in tiin figure, 

In this position A and B, 

(J and \) are connccjhMl by the 
m( 3 tallic sectors, so that tim 
(d(‘(stron-( 5 urr(mt Hows in tlm direction of tlie arrow from A to B, then 
tlirough tho X-ray tube to I) amt finally rt^turns through 0, Halt a 
cychi later B aiul (J, 'A and T) will lie <fonneeted, but by that time tlie 
e.urront also lias roversed, for the Hynchronous motor always keeps inpliase 
with ultornntions of tho supply curront, Tho result is that tlie curront 



rijf. 55, Tito tnooliniiloitl rAodllor. 
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through the X-ray tube is in fclio same direction. (Note tliat the sectors do 
not nctimlly toiicli the knobs. They j^ass close to thoiii, and on account of higli 
voltage the current sparks over.) It is easy to follow that the synchronous 
motor is aiot necessary when the A. C. gojierntor is witliin easy reach of the 
high-tension plant ; for the insulating disc can be mounted on the shaft of 
the generator itself. The synchronous motor rectifiers are not convenient 
to work with, for the rotating parts undergo ;vear and tear very quickly, 

(1) The Kenotron Ihctifierr-l^mokon rectifiers are just lilce oleetroji 
X-ray tubes. Tlioy have a heated tungsten filament as cathode, and a massive 
metal cyliiidor as anode. The bulb is evacuated completely so that no 
high-tension current can pass through them unless the filament is heated. 
The focussing device used in electron X-ray tubes is absent in kenotrons, 
for otherwise X-rays would also be produced in them. The filament is 
heated strongly and the fall of potential across the kenotron is small, 
and very soft X-rays are produced which cannot come out of the glasswalls. 

For good rectification one, two, four or six of them can be used together. 
In the last ease three transformers having the same output are fed with 
three-plmse alternatnig current. The rectified current does not consist of 
pulses, but is very uniform. 

Below is given (Fig, Bfi) a fbur-keiiotron rectifier circuit (Gract/u"^ 
circuit). The four kenotrons A, B, 0,1) are placed in the four arms of a 

---- Wheatstone net wliosc diagonals are 

occupied by the secondary windings 
r Ab (1 of tho transformer, and the X-ray 


\ Transformer / 


tube. 

The position of the filaments of 
the kenotrons with respect to tho 
high tension transformer must be 
carefully noted, 


-<-II In the kenotron A, p is tlie 

Wg. BB. .•cc.in<.r. 

/' tlie filaniGnt must be negative, if tlie current is to pass. The pintes 
of A and B are connected together, while the filaments of C and ,D 
are connected together, Also’the filaments of A and B arc connected 
to tho plates of D and C respectively. The filament of tlic X-ray tube 
is joined to the plates of A and B, while the anticathodo to the filaments 
of C and D. It is easily seen tliat by this ai*rangement only tho two 
kenoti'ons on one pah’ of tlie opposite arms of the bridge become 
cfiFootive at a time, and the ciu’rent through the X-ray tube is rectified 
always in the same du'cctioii. 


^ i’er tliese see Handbtteh der Ea^ietimmtal-physik, ICh’ohner, 24, (1), 74. 
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Tlio heating ciuToiit for the ic(nu)trons avo. obtained from four 
stop-down insnlated transformons. 'I'he arrows mark the direction 
of the (low of ehiotrems. 

"riio ])idsationa of enrrent {)lottod ugaiust time will take tho 
form shown in 1%. 57. enrrent is unidirectional but not 

steady. In order to smooth out tliese 
])nl8es, condensers aro joiiKul in 
parallel with the X-ray tube. Tlicse 
condonsors are capable of withstand¬ 
ing high voltage. At tho time of the 
gaps between the pulses, the charge ; : 

stored ill tho condonsors Hiipplics the 

cniToiit to tho X-ray tube. As a result the pulsations aro stnootlied 
out to sonic extent as shown by the thick linos in tho figiiro. 

But still tho voltage applied to tlio X-ray tube cannot bo taken 
to bo constant. In tho experiments on tho excitation voltages of 
X-ray lines, and dotormination of the .Dunno and Himt limit, batteries 
of several thousand cells have to boused for obtaining very steady 
voltages, Wq shall describe later another liigh-tonsiou circuit used in 
many laboratories at present. ' ' ' / 



149, Continuous X-rays—^The Pulse Theory, —Soon after 
tho discovery of X-rays, Htolces* and Wieclicrtf put. forward a 
tlicory of the production of X-rays. Tliey said, that as tlui rapidly 
moving cathode particles are suddenly brought to rest in tlui metallic 
tvagot of th(i auticathode, tlio energy of tlie particles is partially 
converted into an ol(K‘>troniaguetlc pulse travelling in space. TMo 
phcnoiiieunn is thus exiuitly tlu^ sanu^ as tlu^ emission of radiation 
by aecideratcd elec^trons in u<icordanc() with ir<a*ty/H theory. Tho 
intensity Iq of this pulse in a direction making an angle with 
tho diriKdion of laitliodo rays is given by tlie formula (see § 118, 


{in) ) 

f sin^ 0 

. 



wliore a^-dvjdt (;ho rcfcnrdiifcion, (vnd ofclior symbols havo usiml 
nieiuiings, 'Dns expression .shoAvs tluil; tlie iutoiiHity To will be 
miiximuin in a dircotion 0~-=Kj% and minimum in a direction (?-«0 


* ('1. Blolces, IToc. Mnnaluinter, Lit. and Fhil. Soe., 1808. 

110. Wioehort, Sik.. her. d. Vkye, (Jot., 1804 {Ki'migsborg). 
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or JT. The Stokes*'Wieolierfc theory enables us to get a geuorni 
idea of the space distribution of intensity of continuous X-rays, 

Further the pulse should be completely plane x)olariscd, for 
the electric vector of the pulse xs in the direction of motion of 
the cathode rays. The ' polarisation of general X-rays was ox- 
peidmentally studied by Barkla (vide §156) and the phenomenon Avas 
actually observed. It is hoAvever found that the X-rays arc only 
partially ‘polarised in the plane defined by the line of motion of 
cadiode rays and the direction of the emitted rays. This can be 
ascribed to the fact that as the cathode rays enter the target, 
some of them are deflected from their original path and the direction 
of acceleration changes, and this gives rise to radiation iu which 
the electric vectors lie in diflPereiit directions. 

Before die discoveiy of tlie crystal method of X-ray spcoti’o- 
scoi>y, the chief methods of studying the continuous X-rays were 
their distribution iu sjxace (§ 152), their polarisation {§ 166) and the 
efficiency of their production (§ 151). The experimental results 
obtained were in general agreeincnt with the pulse theory of 
generation of X-rays. But tlie original tlieory had to be modilicd in 
order to take into account certain discrepancies discovered Avhen accu¬ 
rate methods of spectroscopy were iutrocluced. Thus the pulse theory 
failed completely to exifiaiii certain features of the intensity distribu¬ 
tion of the continuous spectrum for different Avavolengtiis. According 
to Stokes^ theory the eloctro-inagnotic pulse should contain all wave¬ 
lengths from ^=0 to %^oo and hence can be resolved into conti¬ 
nuous spectrum. The harder radiations are produced when the 
cathode pai^tioles just enter the target, and as the velocity is more 
and more reduced by gradual penetrations into tlie target, the softer 
components of the spectrum are emitted. Duane and Hunt* studied 
the distribution of intensity in various parts of the continuous spect¬ 
rum by the then newly discovered method of cryst-al spectroscopy. 
They shoAved that the continuous spectrum did not extend from ^='0 
to but tiiat it had a sharp limit on the short Avavelength side, 

and on the long wavelength side extended indefinitely, though the 
intensity diminished very rapidly. In Fig. 60 the intensity vaiiation 
of tliG continuous spectrum of some of tlie targets are illustrated, 
Further they discovered the striking fact that the fre¬ 
quency v„iax corresponding to the .short wave limit Uwn Avas related 

* Pimne apcl Himfe, Phys, Rev,f 6,166,1916, 
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to the impressed voltnge V jujross the tube by the quantum 
relation 

AVinax Vc .#•*««*« (42) 
whore ^^^clmrgo on the electron, and A====Plauok^s constant. Hence 

Kuln ^ . 

No interpretation of tliis remarkable observation could bo supplied 
by the Stokos-Wicchert theory. On the other hand the offeot be¬ 
comes oxcoptionally clear on the (piantum view of radiation. For 
a cathode particle falling through an electric potential F cannot 
acquire an energy greater than eV, and when it is suddenly stopped 
the whole of its onorgy may bo converted to radiation wliioh explains 
the result. 

As the nature of the retardation of cathode particles was not 
known, the structure* of the pulse was n matter of guess. In fact it was 
likened to noise produced by a hail of bullets striking a tiu-shod, 
whicli contains all pitches of sounds without any regularity. Many 
attempts wore made to analyse certain assumed forms of the 
pulse into its Fourier components so that the intensity distri¬ 
bution in the spectiHim might agree with the experimental results. 
^?hough some agreement was obtained with tlio experimental curve, 
the sharp stoppage at the short Avavelength limit was unintolHgiblo till 
explanation was forthcoming from the (luautum tlioory as mentioned 
above. Tiro fact that X-rays show tlic i}heiiomona of interforGneo 
and of dilfraction by crystals point out that they must consist of long 
trains of waves. On the other hand tlie pulse assmiied in Stokes ^ 
theory arc liuihi and irregular. In order to recoiicih^ those facts, 
Kramer.si* gave a theory of the eontimiouH X-rays based on a com- 
binatioJi of classical and (luantum tlujory. 

150. Duane and Hunt’s Experiments.— T\m above rola- 
tifm (4fl) was subjected to an luunirutc experimental test by Duane 
and Hunt, 'riicir uiTangonumt is illustrated in the diagram (Fig. 59) 
b(dow. ’'Jim radiation from th(^ targ(‘t 'P falls tlirough the slits B, 
B on tlie (crystal (.), T]w. dinrn(‘I(Kl I’ays ar<5 r{Ka4v(al in the ioiusation 
cliamber J. Tin* wavdength of dilVruct<ul ray is given by the Bragg 
law sin (K 

H. KennanI, 7V/?/.v, 24> 572, 1025; wkmiIho (/onqjImPs 

X-rnm^ ()luq», II. 

t H. A. Kriunors. /V//7, /!%.. 40, HOO, I02H, 
y, 57 
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The glancm^? angle is slowly increased ,from 0, while the 
ionisation chamber is rotated through twice the angle. As tlicro 



is no wavelength between 0 and Xmiib for the corresponding glancing 
angles tlic electrometer showed no oiirrent, But as soon as 
(hniix /2rf)is reached, the electrometer indicates a oiiiTont, 
^miii is calculated from this value of 0 in Bragg^s equation. 

Duane and Hunt used 20000 small storage cells, so that the 
potential across the tube could bo accimately varied by small 
amounts. TJio potential V was very accurately measured by an 
electrostatic voltmeter, 

This method enabled them to malce an acciu’ato deteriniuation of 
tho Plaiick^s constants. If Fbe the applied potential in volts, the 
relation (43) can be written as 


j _ G V Xiuin 

800 c 


(44) 


Since V and ^min was accurately determined, h could be calculated. 
Thus using F=40 KV for tungsten auticatliode, Imin was obtained as 
O'SIO A,U. (from a calcite crystal). This gives /i^=6* * * § 58X10"®'^ erg, sec. 
Duane and Hunt used different potentials between 25 to 40 KV and 
obtained a mean value of ft—O'SOXIO”^'^ erg. sec. The experi¬ 
ment was repeated by Webster*, Uheyf, Milllert, Blake and 
Duane§, and WagnerII, and they obtained very consistent values of h, 


* Webster, Phys, 18, 156, 1921. 

t Ulrey, Phyi iM, 11, 401, 1918. 

1 Miiller, Phys, Zeits, 19, 489, 1918, 

§ Blake and Duane, Phys, Rev,, 10, 624, 1917. 
Wagner, Ann. d. Phys., 67, 401, 1918. 
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151, Distribution of Energy in the Spectrum,— The 

study of distributio!! of energy in the continuous siMictruin 1ms 
been made by many w()rk(n\s {lo(\ ciL\ '^riio appavatus used is similar 
to Duane and Hiuit^s* nmiigcmonfc shown in the preceding 
section. Tlui curves obtained by plotting tln^ intemsity at dillbrcmt 
wavelengths against wav(dengtli.s for a (‘.onstiuit potential are 
icnown as iHotlwnm* On tlui otlum hand when the intensity 
of one particular wavdongtii was ])lottcd against potential across 
the tube as abscissa, th(i resulting (uirvcs was denoted by the term 
imihromat 

It was also Fouiul that the intensity of a iiarthuilar wave- 


length for tlic Hiuno potential 
varied directly as the atomic v 
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fact that all cni'vcjs meet at 
one point on the wavelength 
axis. 
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hVoni a d(dnile(l study of theH(? curves, Kulenkamplfj' came to 
th(i conclusion that the intensity for the frequency region botwooii 
V and vd-^/v can bo denoted by the formula 


( 46 ) 


*** Duane and Hunt, to. dl. 
t Kulenkampfli Ami, d, Phija,^ 69, 6d8,1922. 





m 


/iONrOSN HAYS 


I VI 


wliere 6 is a very sinall constant*, Z is the atomic number of. the 
material of the target, G is a constant, and Vo is the maximum fro- 
(luenoy limit, Now K=^c}v or dX^ - c/v^Jv, Hence 



This equation wlion plotted with I as ordinate and. X as abscissa 
represents in general the curve known as the Isothermcd Ourvo or 
simply tlie Isotherm. Again 

I .(47) 

So that the intensity for a frequency v, increases linearly 'with the 
potential across the tube, Tlie slight line represented by tlie eqn. (47) 
taking I ns ordinate and V as abscissa is known as the Isochromatio 
Otirve. Differentiating (40) for finding the wavelengtli for maximum 
intensity, we get 

_ 2 1 
d\ 0 ■**A 

and putting dlJdX^O for the maximum intensity, we got 


3 2 .2l)ry 

« ^ ^ + — Z 

A Ktin ^ 


or 


miti 


mux 9 L 

^ i+-z.% . 

Q mm 


(48) 


wliere is that wavelength for which the intensity is a maximunn 

In equation (48), i is a very small quantity. Hence ^yc have 
approximately 


-=n 


X — 2 , 

max mitt 


That is, for a fixed voltage, the wavelength of maximum intensity 
is i times the short wave limit for all targets. Tliis conclusion is of 
great practical importance in selecting the voltage to be applied across 


* Strictly speaking b is not a constant, but a function of v, It bus 
been found experimentally that it can be reprosented by the relation 

6 « V6 [l-fl 

which shows that at v^^Vp, ^^0; but when v is much below b is nearly a 
conatanfc, See W» W, l^ioholas, Bur, Stand. Joum. Aes,, 6, 8d3, 1930, 
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the tube to study any part of tlie apccfcrum* If the voltage bo so 
chosen that e V il. rA/A, then the wavelength A would correspond to 
that of the jnaximiiin intensity of the spectrum. 

The results discussed above are true only for thick targets, 
The diirorcncc between the thin targets and thick targets must be 
clearly understood, In case of the thick targets the cathode rays 
got easily deflected and their velocity is reduced, and so the intensity 
of the softer components of the spectrum is cut down, Kuleakainpff^s 
above experiments were done with thick targets. In the case of 
thin targets these disturbing ofTccts arc not present. Webster* and 
Nicliolast found that the intensity of continuous radiations from thin 
foils of A1 and An ('082()[i) were distributcjd almost equally in various 
wavelengths, and also the dis(U)ntinuity at was definite, ic,, not 
in’coodod by gradual fall as in h'ig. (10, 

Eljmemy o f X- ray Produdion The efficiency of 

X-ray production may bo defined as the ratio of the total intensity 
of X-iiiys produced to tlie power siippliod to the tube. Wo have 

^ JL ^ A ^ 

® E Vi 

where .1 « total intensity, V — volbigo, i « current through the 
tube, Ix the iutensif^y produced by the stoppage of a single electron, 
and i mv^ is tlie kinetic energy of the electron, 

1?hG efiiciency of X-ray production is extremely small, most of 
the energy being eonvortod to heat. The quantity was experimentally 
dcbu’inined by Ileatty and others by measuring the total intensity I by 
an ionisation nu^thod. 'Phey found that only a small part of the energy, 
about I ])art in 10^ is converted to X-rays, Later, calorimetric 
niethods were inlrodiujed by Wien, Rump and others. The beam of 
X-rayn was fill owed to fall on a block of lead which was thick 
enough to absorb all the'. X-riiyH. '^Phe total heat produced, which is 
(Kpiivabmt to the energy of the X-rays, was then obtained from 
m(‘nsuv<mHmt of the rise of temperature in the load block. The result 
of tluiHti exp(U*imouts can bo expressed as follows 

8 - a F. z. 

where V — potential in KV^s, and Z is Ibo atomic number of the 


* Webster ami others, Proe. NaL Acad NcU 14, G70, 1928. 
t Ni(’liola», BiireaiL of Stand Jour, Ros.^ 2, 887, 1929.^ rr ^ r 

Ho(‘Riimp, /: 43, 278, 1927; also Kirchnor, H S 

IViysilCi 24/1, lOL - lM, wIum’o all roferonces would be ioiinch 
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anticatliode material, 6Ms a constant of the order of LO J.he 
fornivila was tested by Rump U]) to 160 KV^a, It is found that the 
efficiency is dii^ectly proportional to- the atomic niiinber, >so that 
heavy elements give more coutiaiioiis radiation than light elements, 


152* Space*»Distribution of Continuous X-rays* —According 
to the pulse theory, the direction of maximum emission of continuous 
X-rays lies at right angles to the direction of motion of i)i(3 cathode 
rays, and that of the miniiuiim in the direotion of motion. It was 
shown by Sommerfeld that as the cathode rays are moving with 
a velocity ooinparablo to that of light the Stokes equation sliould bo 
replaced by the equation 


T ^ sin^^ 



where The new factor in the denominator was obtained by 

tlic introduction of relativity correction,* Further in the case of 
thick targets, the velocity of the cathode rays range from to 0, 
and so the intensity is to be summed up for all these values of v. 
If the total intensity be Sj then we have 


cos^^ 1(1 “P 


, , '(60) 


Here t is the time taken by the cathode ray to form tlio pulse. One 
direct conclusion from 'the modifted distribution formula (60) is 
that the intensity distribution depends both upon 0 as well as p, In 
fact it can be shownt thn.t according to this relation when P is very 
small, the intensity maximum corresponds to but as p 

increases from O'l to 1, tlie maximum shifts progressively from 
jt/2 to almost to ^='0. The minimum of intensity corresponds 
to ^—0 for all values of p. 

The above conclusions have been experimentally verified by the 
works of Stark and Lobet* Their results wore in general agreement 
with the theory, but the intensity maxima obtained wore not found to 
bo vei*y pronounced. It was pointed out by Sommerfeld that the 
experimental results on space-distribution may be vitiated by various 
distiu'bing factors, Fii’stly the finite thickness of the target modifies tlie 


* For a proof of this relation see Sommerfeld, Atomic Slnicltm and 
Spectral Lines (192B), p. 33, 533, 

f A. Sotnmerfelcl, PJii/s, Zeiis., 10, 969, 1909, 
t W. LSbe, d: Phys,, 44,1033,1914. , , .... . 
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disti’ibutioii considerably iu several ways. For example, in the above 
calculations, it is assumed that the path of the cathode ray is 
rectilinear inside the target; but iu practice this is far from truth. It 
is wcll-kiiowu that a part of the cathodc.rays are completely deflected 
in random directions from tlieir original path and they strike the walls 
of the tube giving rise to the brilliant fluorescence observed ou the 
sides of the X-ray tuboH. Thou again as the X-rays come out from 
various depths of the target, they arc absoi’bcd. This Jibsorption is 
different in different directions according to the tliickness of the 
target traversed by the rays. Further tlic characteristic radiation of 
the anticathodc presents another difficulty, as they are omitted in all 
directions with equal intensity. To avoid these didiciilties, Stark^ 
and Lobe made use of anticatliodes of carbon blocks, for which the 
absorption of X-rays very small and the characteristic radiations 
emitted are also toor^ft to bo detected. Stark observed that the 
absorption coefficient of X-rays for Al was loss in the forward 
direction than in the backward, TJiis moans that for small values of 
the proportion of harder i^ays in the continuous beam was greater 
than that for tlie larger angles. TJiis was ascribed to the Doppler 
effeot of tlio radiating electrons, on account of which the proportion 
of hard rays will bo different in different directions of observation, 
increasing uniformly between to 0, 

Tims on the whole these results sui)portcd the pulse theory. But 
fresh objections wore raised from other quai'tors. Wage erf stiuliod 
the distribution of intensity in various wavelengths in tlie continuous 
spectrum for the mmedimiUon (d—OO") of observation and obtained 
a (8^, distribution curve. Repeating the exporiinont for another 

angle ((?—150“), he found that the two (Sj^, X) curves converged 

precisely to the mme mmirnmn fmptomm limit It nioant that 
the einisBion of maximum frequency was not affected by the Dhpplcr 
effect, though the volocuty of the omitting electrons must liavo boon 
greutest in this case, ^riiis result was very tantalising and led to a great 
deal of conti’ovorsy regarding the constitution of the electron itself. 

1S3. Kulenkampff’s Experiment*—^In order to make a 
thorougli tost of these anonialios, Kulenlcampffl: sot up the following 

Htiirk, ZcMs., 10, 902, 1909. 
t Wagner, Phys, Zeils.y 21, 621, 1920. 
j: .Knlonkanipn, Ann. d. Phys., 87, 597,102^, 
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apparatus (Kg. 61) for an accurate investigation on the space distri-’ 
biition of continuous radiations. He used a thin target of low atomic 
weight, so that the disturbing effects mentioned above are minimised. 



A thin metal target P of Al (0*6 p in thickness) is placed in the centre 
of the brass cylinder G. R is a metal X-ray tube whose eathodo W is just 
seen in front of the slit system Bi and B 2 . The hot-catliodo W has been 
inserted from above and insulated from R by moans of a glass tube (not 
shown). The potential is applied between W the cathode and A tlio 
anode. The foil P is also connected electrically with A. The cathode 
rays are limited* by the slits B| and Bg and fall on the foil P. The omitted 
X-rays are allowed to pass out through a slit 7 mm, in width cut in the aide 
of the brass cylinder G and covered with a thin aluminium foil. Tlio 
X^rnys are received in the ionisation chamber after being limited by a 
slit S, M 2 and M 3 are two milliamperemefcers to meaBiire the high tension 
current, Tlie cathode ray beam was controlled so that only a fraction of 
a milliampero was allowed to flow between A and P, because a larger 
current donalty might rupture the foil. The ionisation chamber could be 
rotated about P as centre so that the intensity distribution in various 
directions could be studied. As shown in Pig. 61, the range of angles 
extended between 22*“ and 135^ The different wavelengths whose distribu¬ 
tion in space was studied in the continuous spectrum were separated by 
ipoaps of suitable filters Chapter XI). 
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Tlio ro8ult« of Liivo«fci}viidoii are illustrated by the throe curves 
1 , 2y 1} in {) 2 . ICucIi of the curves shows the distribution of 
intensity (represented by radius vectors) with au^le 0 for the siuno 
voltiigc 151 KV* across the X-ray tube?. Tho. threat curves 1,2, i5 
correspond to three so]>nrate wavelongtlis 0'4)5 vldT,, OT)!) Adi, and 



(12, dlHii’ibuUon of ooiuruuouH X-myn {KuieidwnpH), 


073 A.n. respectively, In the case of the curve (l) tho (liter was 
an aluminiiun shoot 8 miiu in tliicknoss, while for (2) and (3) thin 
sheets of Ag and Zr were used. The curves show maxima at 5t)^ 62“ 
and 48“ respectively, Thus it is to be noticed that the position of 
intensity maximum sliifts towards larger angles as the radiation 
increases in hardness, 0?hcso results with thin target are at variance 
with tliosc of Stark and LobcAs oxperimeuts with thick targets of C. 
The Dlippler elloct cannot bes the cause of this variation. Sommer- 
feld explained tliese results with the aid of wave-mechanics. 

BominorFold regarded thc^ iiieulout (iathodo my boaiu us an oloch'on 
wave falling on the iilomic, nuclei and getting modified by scattering, An 
omorgont electron may thus bo regarded ns a wave Imving an energy 
smaller than that uHsociatod with it before iiieldenco, IE the electron he 
in this way slowed down from a volofjity v\ to a velooity Vzi tlm din'oronco 
in energy will bo given out as a radiation of frequoiiey v, which according 
to 1 )g Broglie’s fundamental assumption is given by 

V = .. . (51) 

Sommerfold suggested that in oqn. (dO) -v is to bo replaced by tlie mean 
velocity (?>rh?> 2 )/2, Then we should obtain the correct position of the 

^Tliis eorre.spon(lB to the short wave limit 0*39 A- lb 
y. 3 ? 





intensity maximum for any wavelength in fclie spatial distribution. This is 
(lone as follows. 

Differentiating eqn. (50) and putting dS/dX-Of we get 

I COS $- p cosZ^-B p sin20 I = 0 

(1 -p cos I ‘ ) 

The value of $ aatisfying this equation coiTospoiicls to the maxlinuin of 
intensity. Lot this be ft,,,,. Putting cos ftnn*=®, wo have 

2Pi»2+aJ-3p=0 

01- + |(<tP)’'-l} 

Foi* |3=0, we get from this equation if' l-be classical case, 

Now let Fi be the potential coiTeapoiiding to the iuoident velocity vi 
of the electron, and the potential corresponding to its cmergont 
velocity i> 2 . Then 

iniVi^*=eVi and imV 2 ^=eV 2 


' 2g y nu 


2 


. . (B3) 


Also from (61) 

/{V=>o (Fi-Fa) ftiul /tVmnx^eFt 


Hence 

^raln Fj — Fj 

l~ Fi 


TUorefoi’e 

Fa = F,(l- Y-) ■ ‘ • 

. . (ud) 


In Kulenkampff^s experiment Fj^Sl KV., Xmin‘=0'39 A,0,, and 
0'43, 0’53 and 073 l.U, The value of F^ corresponding to any of the 
tlireo valxies of X can be calculated from (64), and substituting tins value 
of F 2 (63) we get the corresponding p. If iiveqn, (62) we now use 
the above calculated value of p, wo at once get cos and henco ^max 
the angle corresponding to the intensity 'maximum. The result of tliis 
coinputatioii is shown below. 

Calculated ^»„ax ... 53’r 60*2'^ 

Observed Omax ... ... 55*^ 62*^ 48’ 

The agreement between the calculated and the observed values is quite 
satisfactory, 

SltJOlTOIf III 

1S4, Optics of X-rays* —^Throughout the whole of the first 
decade after the discovery of X-rays, a conti’oversy centred ai'ound 
the question whether the newly discovered rays were corpusculai' or 
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undulfitory in nature. We have already cleseribed how Bavlda* 
showed in 1005 that tlie X-rays scattered from grapliite were 
polarised, but it was not before 1012 that all controversies were liually 
set at rest by the discovery of Lauc of the diirractioii of X-rays 
through Gry.stals. Since Lauo^s discovery, all the phenomena Avhich 
come under physical optics have also been observed in the case of 
X-rays. Tliose phenomena are: Scattering, Polarisation, llofraction, 
Total Reflexion, Dispersion and Anomalous Dispersion, Diirractiomou 
passage through three-dimensional gratings (crystal diffraction), 
Diffraction by line gratings, Diffraction by straight edges and slits, and 
Interference ])henomeuon as in the case of Lloyd iiud l^esnel^s 
mirrors. 

Sonic of' these phenomena have been already mentioned in the 
earlier sections. We shall take up them here in more detail, and 
also treat the other phenomena, vix., diffraction by slits and interfer¬ 
ences by mirrors in outline. 

155. Space Distribution of Scattered Intensity. —The 

general theory of X-ray scattering has already been given in § 113. 
We sliall now consider the nature of distribution of the scattered 
rays in space. Experiments by Hewlett, Debye and others liave 
shown that the simple theory of scattering given by Thomson is 
inadequate in explaining all the results obtained. They proceeded 
on the assnm])tion that deviations from Thomson's formula are mainly 
due to the interference of the rays scattered from different scattering 
centres. The effect can further bo distinguished in throe ways, vix,^ 
(1) wlien the iuterforonce is botweon tlie rays coming from different 
molecules, (2) when it is between those from different electrons in the 
same atom, and (3) when it is between those from the atoms in the 
same molcenle. These cases liavo already been dealt with for crystals. 

Case (l) was investigated by Howlettf and others, Ho obsevvod 
the intensity of X-rays scattered by liquid mosityleno [CoHB(CHo)jij 
for different angles of scattering 0^ and plotted a curve witli tlio 
intensity as ordinates and 0 as abscissre. Hewlett's curve for 
% ^ 07 A.U. (Ka of Mo) between 0 ^ Oto 180“ is shown (in broken 
lino) in Pig. 63. According to Thomson's theory, tlie space distri¬ 
bution of intensity should follow the (1+cos^ fl)-law. The intensity 


* Barkla, loo, oii 

t Hewlett, Pfiys, 20, 688, 1928. 
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calculated according to this law is shown by the full curve in Fig’, (iih 
It will be noticed that between ■l80^ancl 40^" the theory agrees 
well with the results of experiment. But between 
0 ** and 40^ there is n marked departure, 4?he ex peri- 
mental curve shows an intensity peak at ^ 10*' which 

is not predicted by the theory. Barkla luul Ayers* had 
also observed tliat the ainor|.)lioiis substances showed 
an excess scattering in tlui forward direction, whlcli 
increased markedly when shorter wavelengths wi)Y() 
used. The intensity peak seems to have an important 
bearing on tlio structure of the liquids mid ainorplions 
substancesf. In the case of liquids, the niolecules have 
a tendency to form into a cryshilliiie array, but the form¬ 
ation breaks np very soon, On account of this transitory 
nature of tlie array, the phase 
difference between the scattered 
rays coming from two neighbour¬ 
ing molecules remains comstaiit, 
and they give ris(5 to the 
intensity peak by reinforcement 
of the rays scattered from them. The exfci’eine case of the molecular 
reinforcement of the scattered rays is met with in crystals wlnu'C 
the molecules are aiTanged according to a regular pattern. Wo have 
already described how this had been utilised by Lane in his brilliant 
disGOVory of tlie crystal grating, 

Let us now consider the effect of intorfcrencc of the rays 
scattered by intra-atomic electrons. Striking results iiave boon 
obtained on this subject in the recent investigation of scattering by 
gases and vapours. As in these cases the molecule.s are free to move 
in perfect chaos, there can be no phase relation between the rays 
scattered by different molecules, and interference can take place 
only between those from olectons in the same atom. Dobye:!^, 
Thomson and others corrected the original Thomson equation of 
scattering by taking into account this interference effect. The 
calculation is complicated and we shall not enter into details of it. 
Debye has shown that in the .simple case of a system consisting of 
two electrons lying at a distance r from each other, the Thomson 


Klg. OU. nowlcti’fl Rcnllcrlniir 

mitMtylcnn. 


Barkla and Ayers, Phil 21, 275, 1911. 
t Debye, Ann. d, Pliys,^ 46, 809, 1916. 


t See §136.. 
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forniulti slioiikl bn rophiood by 

a ~ a K (I + -"i;;:''! ) 


where 




. (r.n) 

. (r>iO 


which rcpresonts the ^(latterinjj: duo to a siu^’le (d(ictroii, uikI 


x -- 


4 7t r. 0 
"I 2 


This leads to an intensity distribution (uirvo in which the iutouHity 
would rise and tall ixadodically. But this is not expein men tally 
observed. It was sngg(;sl:(Kl by (Joinpton* that in tlic^ case ol’ 
scattering by individual atoms, the inodilied scattering phononienoji 
(Ooinptou effect) will play an important part, 'ffroin this considera¬ 
tion he obtained the ox])reBsioii 

^ .(R?) 


oo 

where f’=^zju{y')^^(lr nncl 

O 

The factor f^jZ^ is due to classical scattcrinjv, and 1-/'**/-?/* due to 
inodilied scattering, f is known ns tlio drixiiirp. ftidor of the atom, 
and it tolls us in what way the Z moving el(!ctrous boliavc, if lilnvlr 
probability of lying nt a distance Ixitwccn r and r Vdr from tlm 
conti'c of the atom is ti (r). 'I'hc, term u, (v) evidently depoiids upon 
the nature of the electron dislribution round the atomic core. 'L’his 
distribution has boon workcid out by Uartree and otherH froiu con¬ 
siderations based upon New Cimmtum Meclmntcs. Wolhini', JI<u’ 7 .og:|: 
and BtiiTet§ liavc applied these results to calculate tlic iutisnsit.y 
distribution of scattered radiations*by monatomic gases, with tlio aid 
of cqn. (57), and have obtained results in general agrcoinciit witli 
cxperiincntnl observations, 

•I'^inally wc come to the case of interference occurring between 
the scattered rays coming from the atoms in the same inolcculo. In 

('ompton, Plii/H. Ui'.n., 36, DiJu, IDiSO. 

t Wolltm, Pliiin. Rm)., 37, 8(12, lOiil. 

t .Herzog, Zs. f. Phyx., 69, 207, lOill j 70, Oa'l, 690, Ifllll. 

§ Ihirret, Phyx. Rev,, 32, 2S, 1928. 

For nn account of ftheso works boo lievim of Modern Phvsiox., 4, 
p. 206, article by ID. 0. Wolluii. 
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recent ycaa^a Debye* and his co-workers have taken up tliis kind of 
investigation with polycatomic inoleculcst* Tlieii’ aiTangonicut is very 
simple. A box containing two windows covered by thin Al-foils is 
filled with the vapour to bo investigated. CiiKa radiations {X 1*537A.U.) 
are allowed to enter the box through one window, and the scattering 
is observed through another. A photographic film bentlnto the form 
of a circle receives the scattered rays. In the typical case of 001^- 
vapour, three intensity peaks were observed at 36^ 65** and 110*". 

According to Van^t Hoff and Lo Bel the four Cl-atoms in CCli 
are arranged^at the corners of a regular totralicdi'on, while the C-atom 
is situated at the centre of gravity* Debye assumed the disbineo 
botwoen any two Cl-atoms to be the same, say and cnlculated the 
intensity distribution of the rays scattered by such a system. Ho 
obtained the expression 

, (B8) 

wlioro 3! = aitt y.(59) 


and nl) contains the Thomson equation as well as the stnictiivc factor 
of atoms consisting of 17 electrons. But neglecting the latter wo 
can write 


\\i 


le* 


2r*m^c 




(60) 


The expression (68) is thus found to be similar to (55) whicli was 
obtained by Debye for the case of scattering by two electrons 
separated by a fixed distances. In Fig. 64 the thoorotical dis¬ 



tribution according to (58) is shown graphically in which the scattered 


* Debye, Proe. Phys, Soe., 48, 340, 1930; Phys. Zeiis^ 21, 419, 1930, 
f See also report by P, Kirchner, lA-gebnisse dcr balden 
Natwmscmehefleii, 11, Qi, LQS2. 
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intensity is plotted along the ordinates and tlio .r/jt«values as the 
absoissie. The curve shows intensity maxima at ^r;=.^^)Jc/2, 9;rt/2 and 
13jt/2 approximately* 1?he (Experimental curve has also Ixecu sliown 
in tlm same figure for comparison* 

Taking the first maximum at x=^rml2^ wo have from e(in* (00) 

. 0 5 1 ...v 

sin — ^ -g j .(61) 

As 1ms been mentioned, the first intensity peak was obtained 
experimentally at 3(5". Substituting this value ot 0 in equ. (01), wo 
get Z=3’l A*U. Similar calcnlations for the second and the third 
maxima give 3’01 A. II. and 2’96 .A* IT,*(approx.)* The three values 
of I do not differ much from each other, whioli shows that the 
intensity law given by ci^n. (58) is fairly correct. This result supports 
also in a general way the regular tetrahedral striictuvc of CCU-vapour 
assumed in the theory. 

The scattering duo to the C-atom lias been neglected in the 
above deductions, as this is much smaller compared to that of 
Cl-atoms. All other Cl derivatives of methane have also been studied, 
and the results found to agree with the theory. Debye showed in 
this way that in the case of optically active isomers of dicliloromo- 
thane (C 2 H 2 CI 2 ), the distances between two Obatoms were diftereut 
for its different isomers. Thus for the cm.-position lie found i“>3*6 
A. U. and for the trans.-position J«T1 A. XJ. as shown below ' 



H 01 01 H 


cis., /^^3’6 A. U. 4rans., A. U» 

by the chemical formula) for tho two isomers. 

156, Polarisation of General X-rays, —Although in Thom¬ 
son's theory (§ 113) of X-i'ay scattering it has been assumed that tho 
primary beam is unpolariscd, actually a partial pohu'isation of the 
prnnaiy beam of general X-rays is observed. 'l?liis was first 
demonstoated by Barkla* from the following experiment (Fig. 06), 

* Baikla, Phil Trans, Roy. Soc. yj,, 204; 407, 1905, 
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X-mys from the anfcicnthode of an X-ray tube pass tlu’otigh n lead 
slit and fall on a scattover. The beam scattered at jn/2 is obsm’ved in two 
mutually perpendicular directions (In the plane perpendicular to the direc¬ 
tion of the primary beam) by moans of two ionisation chambers shown in 
tlm figure. Barlda found tlnit tho ijitensity of tlio scattered beam was 
mcmmtim along the direction perpendicular to the line of motion of the 



cathode rays, and tho intensity was minimm along the direction parallel to 
that of,tho motion of the cathodo rays (but though never equal to zero)* 
The corresponding position of ionisation chamber liave been marked in the 
figure as maximum and minimum respectivoly, 

Barkla interpreted his results as follows, The line joining the cathode 
and tlie nntienthode shows the direction of motion of the cathodo rays. 
Since the rays nro stopped in this direction, tho resulting electromagnetic 
radiation will have its electric vector along this direction (shown by the 
vortical arrow, in the figure), and will, therefore, he poUirised, When it falls 
on the scatteror, tho electrons in it are accelerated only along this direction* 
According to Horfcj^^s theoroin, tlfere is no radiation along the direction of 
motion of an accelerated electron, but radiation is maximum in a perpon- 
cl loular direction* 

These remarks do not however staictly apply to tlie whole of tlio 
radiation generated, but a part of it being impolarmdy ibi electric 
vector lies at random in a plaaie perpendicular to the dii^ectiou of 
propagation of the primary beam, The intensity of the scattered 
radiation due to these unpolarised rays will never show liiictuation 
for any definite angle of scattering. 
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If li and I 2 bo tlio intouHities in tbe two directions (inaximuin 
and mininuim), the ))0i’00ntag0 polarisation may be defined as 

/>=- hull, inn 

‘ Zi+Js 

If /a=0, the rays are completely polarised. 'I'hc experiment 
was reiiented by Ilasslor* who found that the iiolarisation of the 
general radiation decreases with the voltage acro.sH the tube. 


157, Quantitative Estimation of X-ray Polarisation.— 

Barkla's expevinieuts on polarisation described in §15(1 relate to total 
X-radiation einitfe'd by an anticathode. Many cxiicriments have 
since boon performed to find out how the pcrcoutago of polarisation 
varies in the different wavelengths of the continuous spectrum. The 
apparatus used by P. A. Rossf in sncli. experiments is described 
below (Pig. (hi). 



(SO, for iioIarlHAiton of X-rnyK, 

X-rays coming* from tho tungsli(3n (iavgot of a tube fall on (iho acattovor 
which was in this enso a block of graphifco, Tlioscattoved rays arc observed 
in a direction at right angles to tho direction of the priivinry beam of X-raye, 
Two foils of Ag and C)d are allowed to como altornatGly in the patli of tho 
scattered rays by moans of an elcctromagnotic shutter. After passing 
through tho foils tho scattored rays limited by slits Sg, 8ij enter tho 
ionisation chain her, and their in tmisities are moasured. Foils of Ag and 
Gd are chosen because those occiii)y succoshIvo positions in the periodic 
table. (See Chap. X[). r ' , 


^ K. Basslor, Ann. d, Phya,^ 28, 8(I0,1909. 
t llosH^ Jour. OpL 8oc. Ain.y 16, 870, 483, 1928, 
F. 80 
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All other frequencies are absorbed by the foils, only the frequoncy region 
lying between IC4iniit3 of Ag and Od are tmixsinitted. At first the tube is 
so orioiitocl that the cathode rays are perpendicular to tho plane of the 
paper, so that the electric vector of X-rays is perpondiciilar to tho piano of 
the paper* Then the X-ray tube is rotated through a right angle and 
placed in the position shown in the figure, so that tlie observation may bo 
taken in a direction parallel to the electric vector. 

By using different pairs of filters, different frequoncy bands can bo 
examined for their state of polarisation. The curve in Pig. 67 shows tho 
result of the experiment, Tho state of polarisation of the wavelength band 
in the continuous spectrum between the IC-absorptiona of Od and Ag 

(Vd:632 and '4850 A.U.) has been plotted against the applied potential. 



2 6 30 3 5 4 0 46 5 0 65 QO h^iloVoltS 

Fl((. 67. Porcentngo iiolarliiAUon for dlfTcvcnt wavolont^tlis. 

At tlio short wave limit (Duane-Hunt limit), tho polarisation is com- 
ploto, As tho voltage increases, polarisation for this wavelength diminishes. 
It lias been found that tho eharncteristio radiations produced by cathode ray 
bombardment are very feebly polarised irrespective of tlie voltage applied 
to excite tlicrn. The fluorescent rays are not at all polarised (Compton*). 


1 S 8 . The Refraction of X*rays.—^The failure to detect refrac¬ 
tion of X-rays in the early days was a matter of some perplexity 
to the early investigator's. Rontgen himself tried to observe the 
refraction of X-rays, but failed. As we now know, tho fnilnrc 
was due to lack of proper knowledge regarding tho value of tho 
refractive index in the region of X-rays. Guidance can be obtained 
on this point by extending the usual Sellmcier dispei'sion formula 
for the X-ray region. According to this formula 


=. 1 +^ 

jtm " (v, *-v’) 


* Compton, PM. Mag,, 8, 961,1929, 
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where is a natural froqiiGncy ol: the medium, ju is the 
number of electrons per milt volume of the siibstuuee possessing this 
frequency, e and vi ixvo charge and mass of the electron. Fov deduction 
of this formula, sec any text-book on Optics, or Coinptou^s 
X-rayS) p. 208. 

Now when wc are considering X-rays, the chavaotcristic 
frequency Vs which is in the optical region, is very small compared 
to V, the frequency of X-radiation, and can be neglected, AVc 
have therefore 


. '^7in . c^N 

2nm v''* “ '2nmv^' 


(63) 


•where N is the total uumber oJ; absorption oloctrous per unit volume. 
These conditions hold good for substances like glass, rook-salt, etc. for 
which the naturnl frctiuciicios arc much snmllor than X-ray froqucucies. 

There are two points to bo noticed about (63), First |x is <1, 
i.e,, the X-ray waves travel witli velocity >c witliia the incdiuni. 
But a velocity >c is an impossibility. A little rolloction however 
shows that really no inistnko is being made. For the relativity 
IH’oposition that all velocities should bo <o applies to group velocity 
U, This is the velocity with wliicli energy is propagated. 
This is different from tiio wavc-vclocity ■» which in this case is >o. 
Wc have, in fact, according to a well-known tlieorcm duo to Lord 
Bayloigh I 

«c(l .... («d.) 

whicli is less than o. 

'I?he second point is tlie magnitude of a/v“. It can bo sliown tiiat 
it is a small quantity of the order of lO"®. Lot us take glass j and 
find its relTnctivc index for X=V27fl A. U. Taking W--. 10“”, wc 
obtain from (83) a/v“«> 5'2xl0-". 

Tliese preliminary ideas slmw wlty the early e,\'poriniciits wore, 
unsuccessful. Since p,<l, we have to set the prism in the position of 
maximui/in ihvialion if wc want to demonstrnto refraction. But under 
tlieiniluenooof optical analogy, tlio early experimenters always tried 
the minimum deviatioti itosition. 

Refraction is now studied by any of the following methods i— 

(ft) Deviation from Bragg's Law; (i) By the prism*, (c) Korn 
total reflection. Of those («) is historically older. 

* Slegbahn, Lavsson and Waller, Nalurwisa, 68,1213,1024. 
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Deviation from Braggs' Law* 

It was independently pointed out by Darwin* juid ]5walcl+ that 
Braggs^ Law of reflexion was only approximately correct, for when 
X-rays pass into matter, and penetrate one or two atomic layers of 
the crystals, they come under tlie influence of the internal electric 
field of the electrons composing the crystal; or as we should say 
now the wavelength inside the crystal changes from X to \iX* l^or 
these internal rays, the Bragg angle 6^=siir^ {nX/2d) therefore 
changes, but as the effect is extremely small, it could not be detected 
for a very long time, Iti 1920,- Stenstromt photographed the first 
five order spectrum of Ca (3'083 A, U.) with u crystal of gypsum 

and plotted a curve of log (sin </►« /n) against’whore n and arc 
the orders of reflection, and the correspond¬ 
ing angle of reflexion. Had Braggs^ law 
continued to hold, log (sin 0,, / n) would have 
been iudeponclent of aiul the graph would 
be a straight line parallel to the abscissa-axis 
wliicli represents n, But Stenstrom found 
that the graph was hyperbolic as shown in 
Pig, 68, for tlie reflexion of of potassium 

^ with gypsum. It can be shown that the 
curve can be reproserited by a forjuula of typo 

j„a!Li.- + 4.(»r,) 



rig, 08. 


n 


it is further evident that Braggs’ law is only true for high order 
reflexions, and the greatest devi¬ 
ation fi’om it comes in the first 
order reflexion* In other words, 
tlie wavelength found by Braggs’ 
law from first order reflections 
will be slightly l^i’eator, 

The calculation of the re¬ 
fractive index from these curves 
can bo cai'^ried out as follows rig, go, IlofraoUon of x-rays m a ovyalal piano, 
(Stenstrom) \vith the help of 

Pig. 69 which illusti'ates the refraction of. X-rays by crystal planes* 

* Darwin, Phil 3*?, 316, 19U,' 
f Ewold, P/«/5. Zeits,, 21, 617, 1920. 
t BleTiBtv^n)fDissertaiio7iy Lund, 1919. 
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lu 69, K repvesoiits the crystal, aiiil AA the flection of u cleavage 
plane. Let X and </>„ bo the wavolengtli and glancing angle of X-ray» in 
air, and X' and 0',, the eorrcsponding qiiantities inside tho crystal, AVe 


have now the following ciiuations: 

nX^ ^ 2(1 sin </»^.(60) 

and |Jt cos t/),f / cos </>'„ X/X' .(67) 


Out of those equations, wo have to eliminate tiie dashed quantities, and find 
a relation betwoen X and sin . Wo have 




nX 


2(1 sin 0^1 


« 2d (1*—cos^ 


[ 


m i 




\i'i 


.(C8) 

from wliicli after a little work, uml ruivuMuboring that \i is nearly unity, we 
obtain; 

-4---^-].(6fl) 


The equation can be further simplified by putting sin^^ 0„ within the 
brackets equal to n^X^lid^i and AVo tlioii obtain : 


«X«2r? sin h [U - jij] 


It is easy to verify that 


In 


sin 0 n 
n 



^ 5 


(70) 


+ . 

wlufre A ^ In II » 8.*(710 

Tlufl explains the curve given in Fig, 68, 

It is obvioufl from tho last equation (71) why Bragg^s equation is 
correct for larger values of n. In order to find 8 for any particular 
wavelongtli X for a crystal, wo find tho glancing angles cpi and cp 2 for tho 
n\ ami orders of rofloxlon, Then from the above ocpiations, we Imvo 


X 2d r 1 -- —^ 4;;r' 

sin q)i 


J ' 

iE^qpT 

-] Htn tp 2 

By eliminating X, wo obtain 


fllncpi 

8in(p2 


« r . ^ ( 7 ^) 

?ijein(pi ^ elnfpj 
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In the fcnble below are given the rofraetlvo indices of tho mica crystal 
for Cu Ka radiation. 


Table o. 


1 1 

Order n | 

Glancing angle 

1 1 

! 6xl0'‘“ 

1 

Cu Ka, 

1 

1 

1 4* 26' 27'''2 I 

8'74- 

J537 X.U. 

2 

8* 63' Se"'! 

9'44 


3 ^ 

i 13* 24' SS"'?, 

8-62 


B 

22* 44' 29'-2 

8'97 


7 

32° 46' 0' 

9'19 


9 1 

44* 6' 35' 

8’94 


_i 

Meaii 

8=8'94xl0'® 


Tlio deviation detected in Bragg^s law amounts to 1 in 10,000, 

and it was very creditable 
to the oxperiinontors that 
they <50iild at all detect 
such a small quantity, Tn 
the actual ex])erimonts, 
great precaution was 
taken to (di nun ate errors 
due to tlio temperature 



effect on the grating space of crystals, 

A niodilication of the above method was suggested by B, 
Davis*, which gave more correct values of refractive index. It is 
briefly described below* 


In Fig. 70, K is a crystal of calcite a part of whose surface has been 
cut at a small angle with die natural surface, A beam of X-rays is 
allowed to fall on this face at a small angle Tlio ray gets refracted as 

it enters, and is then reftceted from tlm atomic planes if the glancing angle 
cp satisfies the Bragg-equation. If 0\ and 0^ are the angles between tim 
incident and rol'nicted rays at the cat surface of the crystal, we )mve 


cos cos $2 

COS (0-a) cos (cp+a) 


(7B) 


where a is the inclination of tlie cut surface of the crystal to the natuial 
face. 

From the above equations (p can be eliminated, and 8 can bo calcu¬ 
lated. Tlic errors of measurements are minimised, for the diflcrenco between 
^1 and cp can be artifibially made large. 


B. Davis and H* M. Torril, Proe. NaL Amd, So„ 8, B57, 1922. 
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It may amount to 3*. In the first method, the dilTereiioe bntwooiv 
9 and 9 ' was small, and so greater aocnraey was not possible. 


{b) The PHsm Melhoil 

'riie iJi'inciple of the i)ri3in method is illustrated in Fig. 71 n, b. 




91. Uofraotlou by iirlum. 


(a) represents the method of finding out the rofmetive index by 
means of a prism. SO is the incident beam, O'S' is the refracted beam. 
Wo have |ji=8in i (yi+8)/8in ^ A where S^S'PP'. Instead of using 
the full-prism, wo can uso the half-prism ABI), so that the beam SO, 
on entering the prism, takes tho path 00^ and emerges normal to 
tho face AD. Wo have then n=.8in i/sin »'=8in (J- A-|-e)/sin i A 
where A/2«=>anglo of tho prism, esadoviation=8/2. 

This principle is utilized for measuring the refraotivo index 
of X-rays by tho prism and is illustrated in {b). 

Here ABI) is tho prism, A is tho refracting angle, and tho faco 
AD is periiondioular to the emergent beam. IVIIC is a photographic 
plate which receives tho rays. SO is the X-ray beam which gets 
totally refiected at O and the rclloctcd beam falls on the screen* at E'. 
SOC is the direct beam, and OR is the refracted beam. Note that 
tho angle of relTaction is now larger than tho angle of incidence. 
Wo have 

(glancing angle SOB) 
cos (AO H) 


a 00^ Q 

cos (a-p) 


(74) 


where p=EOa-RC/OIU-/Vr «'id 2a..-.lV0C«R'C/0R™fl/r. The 
angles a and p are very small, as the ]diotogrnphic plate is 


* Tho figure ia rather exaggerated. In actual praotioo tlio distance 
OR ia much greater than tho size of the prism. 
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Iccipfc ftt a largo distance of about a meter from the prism. Exi)and- 
ing (74) we obtain • 

l-|.i = 8 = P ^a—-l-j.(74;0 

.(7r.) 

159* Total Reflexion of X-rays. —Steusfcrom^s work on 
deviation from Bragg^s law gave the scientific world an idea of the 
order of value of refractive index for X-rays of crystals commonly 
used for X-ray spectroscopy. The value of p was found to be slight¬ 
ly less than unity. Fi'om this fact Compton* put forward the ^dew 
in 1922 that the phenomena of total reflexion can be observed in the 
case of X-rays if the glancing angle is made very small. In collabo¬ 
ration with his students he was able to demonstrate the effect 

experimentally mthin a shoi’t time. Their arrangement is illustrated 
in the Kg. 48ft on page 276. Instead of a grating G shown in this 
figure, tliey substituted a plane glass mirror. When tlin glancing 
angle was small, the beam of X-rays was totally reflected and record¬ 
ed on the photographic plate P. 

As the refractive index of matter for X-rays is less than unity, 
there will be a maximum glaiicingf angle beyond which no refraction 
mil take place. According to the laws of physical optics we have 

cos 'll) <=* p 

where 'll) is the critical angle of glancing for total reflection, and \i is 
tliG refractive index. For total reflexion, the glancing angle must 
always be less tlmn the critical angle \\k This phenomenon 1ms been 
utilised to determine the absolute value of wavelength by means of 
ruled gratings (see § 143). 

The above equation reduces to 

sin 'll) — y^25.' 

Tho intensity of reflected X-rays do not obey rigorously Frosnol^s 
law of intensity of reflexion. Recently Tlubaudij^ modified Fros- 
noPs law taking into consideration the high frequency of X-rays. 
The results arc in good agreement with his theory. Some, values of 
refractive indices found out by tliis method are given below. 

* Compton, Phi, 46,112J, .1923. 

f The maximum Is however not very sliarp. 

j Thibaud, Jow\ (U Physique, 1, 37, 1930. 




159a i 


DISPIiliSION OF X-IiAYS 


313 


Tahlfi 0.* 





X A.e. 

^|)o 

8XI0" 

Glass ... 

1-270 

10' 


Silvor ... 

1-270 

22'-r) 

2l*n 

159a« DisperBion of X^’rays. 

—A<‘.(M)V(linir id 


* 2mi v” 


(OB') 


or 8A''==iVfiV2nwp“.(70) 

If the tluiory bo eoiToct, b/X'^ hIkhiUI be h conatnnt. This doductioiv 
was tostod by Lavssoui' whoso results are roprodueod in Fig. 73. 



'I'lio curve vcin’cscnts the diaiioraion of onlcito from X'-'ITS A.U. 
to X A.U. The value of |i was determined from deviations 

from Brn} 3 :{!;'H Law. Tlie ordinate represents 5/X®, and the abscissa 
X. find that the curve is striUKht between V25 A.U. to 2 A.U. 


* For more details see NflluitiB'. Phm. Zeils,, 31, 700, 19.30. 
f Liu'sson, Dissmialion, Uppsala ITniv,, 1929. 

R 40 
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For this region nt least, the theory holds good, and it enables us to 
determine N and compare it with its value obtained by diitict 
methods. We have N—{ApZ)jM where /l=Avogadro miinber, 
/)—density, wZ=total number of electrons in the molecule and 
jlif= molecular weight. 

Substituting the values for GaCOu (Z==50, /)=‘.^'71, i)/==.I.OO), 
we find that jV=’8lXlO^^ Also putting c—477X10”'“ Ji.s.u,, 
7H<=9‘02X10”^* gm. ande==3X10'® cm/sec. in eqii. (70), we obtain 
8A= ^a'SexiO”" (A.U.)-“. Hence 5-»l‘91X10-“ for >. =707 
A.U.(Kaof Mo). 

It has been found experimentally that SA* for ealcite is 
3‘68X10‘“ for Mo Ka. The agreement is quite satisfactory. Heiiec 
the Lorentz theory holds good at least for this region of wavelength. 

In the same way as we have found the total number of electrons 
per unit volume, we can also find the number of ./T-eleetrons i)cr nnil 
volume. Using the Dinule-Lorentz equation wo have 

N 

x_ c* y «« 


2nm 


•r 




where Nj^ = number of K-electrons per unit volume and v/^ i-=lh(! 
K-absorption frequency. If v"—v* bo small, the first part of tiu! 
expression becomes larger than the second part. In this way N/t can 
be determined. Nardrofl* showed from this (i.xpnrimont that 
there are two electrons in the K-shell. 


Anomaloujs Bkpersion. 

A glance at tlie curve in (Pig. 73) shows that the (SA"), I curv(j is 
straight only up to 2A.U. After this the value of bA' rai)idly 

diminishes and reaches a minimum value at 3‘083 A.IT, Bfiyond 
this point it rises again, 

This feature is exactly analogous to anomalc>u.s dlsiMirsioii in 
optical region. As is well-known, anomalous dispersion uceurs in 
the neighbourhood of an absorption line of the siibstancc. In the 
X-ray region, there are no absorption lines, but only ab.sorptioii (!dge.s, 
i.e., at one point the absorption suddenly increases owing to the 

* Nardrofl, Phy$. Rev., 24 149,1923, 
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ojofUon of m <>l(3ctrou from .some shell. For calciiiin 
tlio ahsurption odo’o has boon found to start from 3* * * § 083 A.U., 
and noar.about tliis point wo ^et anomalous dispersion. Evidently 
[I has the tnaxinuuu value at this point. 

ICallman and Mark* worked out a formula for dispersion 
ill tlu‘ iHMji^libonrliood of an absorption cdj^c on the analogy of the 
eorr(?s[)onding phenonnaion in the optical region. They obtained the 
formula 


2K(i^ni 


ii\\ \_(h\n 

2no^7)i \ L / L’ \ ^ . 


(77) 


where Nj^ is the number of K-electrons per unit volume. This 

(‘qualion holds only in tlio nciglibourliood of the absorption edge, 
as th(^ damping factor was neglected in its deduction. At the 
absorption edge itself, it ceases to liold. Prinsf took into account 
the dami)ing factor and gave a formula for the absorption edge 
its(df. 


160, Diffraction of X-rays by Slits. —As pointed out already, 
though the diHractiou of X-rays by slits was long sought for, but 
tiu' (M)U(‘Jusions wer(‘ never fre(’ from doubt, Bommerfeld had 
nn(3ropli()tograph(?d jdales taken by K(M'b:|: in 190!), and the tentative 
valu(‘s of the wuv(^l(‘ugth of X-rays found by him from these data 
W(‘i.’e, as WI3 now know, fairly (a)iT(3(d, In r(3(M*nt tim(‘s, this to<dmif[U(3 
has beiai inucli further dev(»loped as m\\ be seen from th (3 pliotograph 
(Fig, 7‘l, Plato V). This is rei)r()(lneed from a pap(‘i’by Kellstrhm§. 
The wnv(‘length used for this iihotograpli is large, [A\ Ka (SA.U,)] 
The slits wore ’OOihnm, in width, which were first roughly measured by 
memis of a eoiiiparator, "^Phe actual arrangement is simple, and is 
similar to tboso usually given in t( 3 xt-books on physical optics for 
observing dilTraction of ojitical rays. The distance between the plate 
and the slit in Kollstrilm^s experiment was 41 cm. The i)latc shown 
is a < 3 opy of the original magnified 30 times, Aw exposure of 
2 to 3 hours with 16 m, A. current and 8 to 10 ICV« in the X-ray tube 
is suHiciont. Tlio whole apparatus was enclosed in a vacuum 
ohaiubcr. 

* Kallman and Mark, Ann. d. Phya.i 8JJ, 385,1027. 

t PriiiR, Zs, f, Phys., 47, 470, 1928. 

I Kiajli, Ann. d, Plws., 38, 507, 1912. 

§ Kollsti’om, Uppsala Disserlalion, 1932, 
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For the poaitioa of tlie iniaimuin, the usual I^^’aanliofcr diHTuotiDu 
formula for a slit was used. We have 


nl ^ s,' 




. ^ (78) 


where n=l, 2, 3, etc.> i*-=thG slit width tlio distiiueo of ?/.th 

niinimum fi’om the eentro and /;=^the distance from the slit to the 
plate. 

The table below gives some results obtained from Kellstrom^s 
Gxperirneiit. 


Table 7^—Diffraction by slits toith 
A1 Ka (8 A. U.) 


1 

.. .I 

Order n 

4 

in mm. 

in min. 


1 

*0:)25 

•OOGGOl 

Minima 

2 

■1014 

•OOGUHO 


.3 

■1664 

•li06.')96 


By assuming the value of 

the wavelength of A1 ICa (8*3 
0 

A, U.) the value of (the slit 
width) is found rigorously 
from eciiuition (78). It i.s about 
10/^ larger than the value 
found by nioasiiroinenl with a 
comparator. huiuc slit 

was used in the exiauunient 
Meini 'OOCoO value of 

its wavelength was found out to be correct within T)% of the known 
spectroscopic value, 

16 !• Interference of X-rays (Lloyd^s mirror method)^— 

The arrangement known as LloytVs mirror in optics is a very direct 
juothod for observing tlie intcrforeiu5o of liglit from a direct HOiiroc 
and a virtual source. The virtinil .source is produced by moans 
of reflection from one single iniiTov. Recently Kollstrom lias 
extended this method to the case of X-rays. A beam of X-rays 
is allowed to pass through a very narrow slit (width TOIfl nun.) and 
then fall on a glass plate at a graining angle of incidence. A photo¬ 
graphic plate kept at a distancp of about 60 mm, records the iuter- 
fereucG pattern due to tlie direct beam from the slit and the rollected 
beam. The usual formula gives 

where cs=!the clistaace between real and the virtual sources, tt=» 
the horizontal distance of the slit and the glass plate and i^the 
distance between glass plate and the photographic plate. 
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In iin oxporiinonti of this kind Kollstrom usod Ka rndiiitions of 
Aluminiuiu, und from fclio valiui of its wuvclon^iith tin' distiiuci^ bofcwcRU 
tho real and the virtual sources was hiuiid, It agreed with the value, 
measured ext)orinioiitally. If now any other rudiatioii is ustul witli the 
same arraugemout, thou its wavelengtli can bo computed from the 
value of c, The value ol: X for OKa line was found to agri?(» with 
known values witliin *5%, It must rcnilised that this nuithod us 
well as the previous one are only comparison inethodH’^’. 

Books liecomme)idexi 

1. A, II. Qo\\^\}io^\y X-rays and BkHrom (1927). 

2. M. Sicglnihn, SpdiroskopiG dcr lUhiUjmHlrahku (1931). 

3. F, Kii'dinor, Ilandhxwh dcr Expermmlaljdiysilc, (2), Atlr/cmeim 

Physih dcr Ponif/eiwtralilen (1030), 

4. A. E. H. Tutfcoii, Cryslallofpriphy and rraelical Cryslal Mmmre- 

menls (1922). 

0, H. Hilton, lyaikcmalical Cryslallograpliy ([903). 

(i. R. AV. G. Wyclcoir, The Strualureof Oryfttala (1931). 

7. AV, h, and AV^. H., Bragg, X-rays and Oryslal Striwlnre (1024). 

(Now edition oiitililoil The Oryslallmc Stale publirthod in 3 vols., 

1033). 

8. M. 0th Uctndbiicli dcr Eixperimenlalphysih\ 7 (2), Slriilclnrhcslm- 

mtiny mil lionifFamlerfcrmun (1028). 

0. IlevoBy, Chemiml Analysis by X-raj/iH (1932). 

li). Glooker, Maicnalpriifnng niil WnlyenHlrahlen (1029). 



For the above inethoda sec Kollstrftm, DmcrlaUon^ 1932, 
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CHAPTER VII 


noiiirs ^niKOHY 


OF ^PHE BPECTKIJM HYDROQFN 


162. Experimental Study of Spectra of Ebments.—Diu'iu|y 

fclui whole of the last century, tlu^ belief waH almost iinivovsiil that tlie 
atom Avas a uou-clivisibh! piirtic^le of mass witli (Mirtuiii cnmbininp; 
pOAvers. In the foregoiii^^ chapters, avo Inwe liow tins belief has 
been compl( 3 toly slmttercd owin^^ to the (Uscov(?ry of tlu^ proton and 
the electron, and ro<a)/rnitimi of tin? fac.t that all (?lonieu(s are made up 
of those two, which may be r(?garded as the two primordial olomeiits. 
Wo luivc noAr to explain tl\e chemical and physical properties of 
elements in terms of their electrical strmjture, KirchlioIPs discovery 
has shown that the most characteristic property of tlie atom is its 
spectrum. As Avas already remarked we (?aii compare the atom to a 
musical instrmnent, each spectral line then becomes a chamctcristic 
note of tins iiistrmncut But ev<m themost casual acquaintance Avith 
spectral (lata shoAvs that tlm analogy must not be strossed too far. 
Even liydrogGii, th(3 simplest of chunents does not give a single line, 
bub apparently an infinite number. An ehmiont like iron gives in the 
visible range not less than fiOOO lines of dinbrent wavolongths. This 
fact led RoAvhind to roinarlc tliat tin? atom is more complicated than 
even the grand piano. 

The very vastness of B])cctroscopic data (witness—the (?iglib thick 
volumes of Kayser and Ilungo\s and Knysor and Konen^s ITnndbuch 
dor Si)oktroskopi(?—oven those are not sudicienb to report all the 
results), combined Avith their complexity iHJiiolled even the greatest 
physicists of the last century against making any serious attempt in 
understanding them. 

In 1912, Niels Bohr of Copenhagen succeeded in obtaining tlio 
first clues to a siiccessEul explanation of the spectra of clomcnls by 
ho combined application of tlio nuclear theory of the atom, and the 
quantum theory of light, Before describing Bohr^s theory, Ave shall 
give a brief account of the work of sj^^stematisation Avhicli preceded 
this Avork. 
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163. Work of Systematisation—Balmer^s Discovery. —The 

work of syfiteniatisation was started by Balmor*^ a teacher in a 
gymnasium at Basle, Switzerland, 1885, Hydrogeiif, when excited in 
the discharge tube, gives a multitude of lines of whicli four stand out 
j^romincntly from amongst the rest. These four lines are known as 


Ha . . 

. \ 666279 A. U. . 

. Eecl 

EH. . 

. \ 4861‘327 . . . 

. Green 

H 7 . . 

. X 4340-47 . . . 

. Blue 

Hi. . 

. X 4101-74 . . . 

. Violet 


Baliner sliowed tliat the wavelengths of these four lines can be 
represented by the simple mathematical formula ;— 

2 

I = 3646’98 ... (1) 

m is an integral number > 2, 4, 6 , 6 for Hr*, H/S, H 7 , H5, 

respectively. .About this time, Hartley showed that it is more 
convenient to use reciprocals of wavelengths or wave-numbers, 
instead of wavelengfchst 

If now^ Bahnei'^s law is exju’cssed in wave-numbers, it appears 
that the hyebogen lines can be represented by the formula 



where i 2 = 109690 cm" ‘ 

If the law be correct, there is no reason why the series should stop 
at In fact observation shows that there is a line correspond¬ 

ing to every integral value of Tlie astronomer Huggins discovered 
about 9 lines in the spectrum of the star Sirius, and 35 lines 
represented by the above formula have been disoovored in the 
spectrum of the solar chromosphore. With improved teclinique, about 
21 lines have been photographed in a Geissler tube disolinrge by 

* Balmer, Wied.-Ann.^ ^5, 80, 1885. 

f Apart from tlic Balmer lines, a large niinibcn* of fainter lines appear 
when the discharge tube is run on losv voltage. Tliey are said to form the 
secondary spectrum of hydrogen. The secondary spectrum has now been 
shown to' be duo to the li 2 -molecule, while the primary (Balimu') spectrum 
is duo to the H-atom. 

t This point will bo tli.scussed in greater length when the spectra of 
alkalies is taken up. It is important to remomber 

Frequency . . , . . V c/Xvao (sec“*) 

Wave-number.v » 1/Xvac {oiir^*) 
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II, W. Wood.* A 8])oatnun of Hydrogen linos has 1x3011 voprodueed 
ill Ifig. 1, Plato V. 

The lines .shown in this photo^riipli are of the Ihihnev sorios, 
as obtuiuod in the spectra of Sirius (ii), Vacuum tube (b). 

According to formula (]/)» the distance betw(3on tlic successive 
Jhilmor lines ought to diminiBli with incr(3a,sing nty and the hovIcs 
ought to torminato at 

V - 7^/2^ I Bihirygi. d") 

Tliis point is known as the convergence limit of the 
.series. A list of Balmcr-lines with their wavnlcugtlis and wave- 
numbers is given in Table L It will be s(3en that the tubh* < 3 o)itains 
a number of other series in addition to BahiK‘Ps, and tlu^ whole 
series of linos are attributed to the hydrogen atom. Tlio full 
signiftcanoe of the different series will bo clear from the next 
section. 

164* Bohr's Elementary Theory of the Hydrogen 
Spectra, —We shall now give an account of BohP.s olemoutnvy theory 
of the H“Spectra. This is the fundamental work which has been 
the basis of all subsequent investigations connected with the atom, 

Bohri’ set to himself the task of explaining the remarkable 
regularities in the spectrum of H which have been just 
discussed. The first nocessity was a model of the H-atom. In this 
he was guided by RuthorfoixVs discovery that the positive clcotriclty 
occupied a very minute space at the centre of the atom, 
comparod the atom to a planetary system as already suggested by 
Nagaoka:}: in 1904. The nucleus of positive electricity with its large 
mass plays the riMe of the sun. ^riio election with its .small mass 
plays the role of the planet. As in the ease of the planets» the electron 
is attracted towards the mi dens according to tlic inverse square law 
(the law is not however gravitational, but electrical, and tlic force i.s 
du(3 to attraction of el<3ctricnl charges of opposite signs). The < 3 lectron 
is pr(3ventod from falling into (lie nucleus by its constant motion as 
in the case of planets, Bohr showed that the wholes theory of plaino¬ 
tary motion can be applied with certain modifications to the problem 
ol! motion of the electron round the nuel(3us. 


B. W. Wood, PrOG, Roy, Sqg, A, 97, 455, 1920. 
f Niels Bohr, On l;iie Con solution of Atoms and MoleculoB, Phil Mfui,, 
26,1,470,857,191:1. . * 

t H. Nagaokn, Phil 7, (0), 445, 1904, 

F, 41 
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Tabic t—Series Spectra of llydroacn. 


Observer 

n 

Lyman Series | 

fi.il i 

Ih n^J \ 



Xvfto (obs.) 

1 

A»vnc (cal) 

V (cal.) 



Millikan* 

Lyman | 

2 

3 

' 12167 
10260 
! 972-7 

1 ... 

1216-68 

1026-73 

972-64 

82268-31 

97491-36 

102822-94 

Term values 

Observer 

71 

Balmer Series v ^-Rji j 

'i-i-1 i 

^22 nV 

71 

n.) 

1 

^nlr (obS«) 

X(nli) (cal,) 

V (cal) 

1 

2 

109677-82 

27419-612 

1 

^Ha 

3 

f 6562-8473 
\ 65G-2-7110 

6562-793 

16233-216 

3 

12186-468 

Hon stout ( 

' 

B.p 

4 

r 4861-3578 

1 4861-2800 

4861-327 

20664-793 

4 

6864-881 


'H 

V 

5 

f 4340-497 

1 4340-429 

4340-466 

'23032-643 

f) 

4387-131 

Values of Pas -1 
chen, Curtis^ 
and Ruark 

1 tie 

6 

7 

8 

4101-7346 
8970-0740 
, 3889-0675 

4101-738 

3970-075 

3889-062 

24373-055 

26181-343 

26705-967 

6 

7 

8 

3040-019 

2238-331 

1713-717 

Ruavkt 1 

/Hi, 

HO 

Hi 

IHk 

Hx 

Ih^ 

9 

10 
11 
12 
13 
U 

3836-397 

3797-910 

3770-634 

3750-162 

3734-372 

3721-948 

3836-387 
3797-900 
3770633 
3760 154 
3734-371 
3721-948 

26066-61 
26322-90 
26613 24 
26658-03 
26770-68 
26860-09 

9 

10 
11 1 
12 

13 

14 i 

1354-06 
1090-77 
906-43 
761-64 
648 99 
559-58 

Woo(l§ ( 

/By 

H{ 

Ho 

ll-Iir 

Hp 

H„ 

Hr 

[Hu 

15 

16 

17 

18 

19 

20 
21 
22 

3711-980 

3703-861 

3697-169 

3691-653 

3686-833 

3682-826 

3679-372 

3676-378 

3711-973 
3703 855 
3697-164 
369-557 
3686-8!J4 
3682-810 
3679-355 
3676-354 

26932-21 

26901-24 

27040-16 

27081-16 

27116-86 

27145-47 

27170-96 

27193-07 

1 

16 1 
10 
17 
;i8 
19 

l20 

,21 

|22 

487-46 

428-43 

379-51 

338-61 

303-82 

274-20 

1 248-71 

! 226-00 


+ 22, 47, 286, 1920; 63, 160, 1921, 

t Houston, Aslrophys. Jour,, 64, 81,1926, 

I Kuark, Astrophys. Jour., 68, 46, 1923, 

§ Wood Phil. May., 42, 729,1921, 
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In the case of the H-atoin, at first he supposed it to consist of a 
central stationary nucleus which lias got the same niass as th(^ 
hydrogen atom and a charge of +c, with one electron revolving 
round it in au orbit. The matter was further simplified by tln^ 
assumption that the orbit is circular. The equation of motion can 
now be written as :— 

.( 2 ) 

ft 

where ^—radius of the circular orbit, co=^angular velocity of the 
electron. The total energy W of the system is equal to |)otontinl 
energy plus kinetic energy. Thus 

. m 

a 2a 

Potential energy is taken as negative, because the force is attractive. 

We have got two quantities to (lotorinine, tm,, a and (o, wheroiis 
we Inivo only one equation. Hence a turtlier equation botwocii 
n and (o nm.st be found. In the case of planetary motion, a second 
equation is given by tlie law of rate of description of areas (Kopler’.s 
second law) 

ma^(o = constant . ..(40 


I'ho valne of this constant which is essential for the solution of tin* 
problem is obtained from a knowledge of tlie initial conditions of 
proieotion, namely the velocity with which the plaiiot is projected 
at a clefiiiito instant, and the distance of the point of projection. 
Now if these are u and o, the constant=.?m<a! for circular orbits. But 
in the case of motion of tlie electron in the atom it is not possible to 
obtain the initial condition. Hence some other method mii.st bo 
used for Ihicling out tlie value of the angular momentinn which 
is constant. Nicholson* had formerly observed that Planck’s quantum 
k had tlic same dimensions as tlie angular momentum. Witli chnr- 
aotoristio intuition, Bohr put 


= «.///2jt ... , (4) 

With this second condition, we can completely solve the equation of 
motion. We get 

2nh^E^m 1 

• • . . (5) 






n 


T * 








n 


* Nicholson, Monthly Not. Hoy. Astr. Soo., 7a, 679,1012. 
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Thus the qnantiiiu cnuclitioii (4) puts a restriotLou to tli(^ iinniber 
of ])()S8iblo stable orbits. Only such orbits (or energy states) are 
possible which arc clistinguislied by an integral <|nantiini miinbc'r if. 
They have the ciuirgy Wti aiul radius r////** as giv(Mi by fovnmhc (4) 
and (5), 

A glance at this formula shows that the energy of th(‘ system 
when the electron is at infinit(j distance from tln^ micleus is taken 
to be zero. As we take orbits i) 0 ssessing decreasing values of the 
energies becmine more and move negative ujkI varies as l/n\ M?lio 
orbit with the lowest (morgy eorrespoiuls to According to 

general principles in dynamics, this should be the most stable state 
of the M-atom. Compared to this, the other states are all unstable. 

T\i(\ phenomena occurring in a liydrog(ai tube, through which a 
discharge is passed may be pictured as follows: by means of a 
diselmrg<s wc convert a fi^action of the Hg-mnleciilos which 
<M)inpos(j the gaseous mass into H-atoms, some of tlu^ atoms are in 
state (1), a smaller number are in state (2).,. and so on in tlie various 
energy states as dosoribod above. It is clear that the atom with 
higher energy values (larger values of v/) will always tend to revert 
to states of lowtu* oiiorgy value (smaller values of if), What happens 
to the diflerouec of energy wlien such a proeoss takes place ? Bohr 
postulates that the balance? of emugy is emitted in space us radiation, 
(f tlie frequency of this radiation is v, thou in accordance with 
Planck’s fundanumtal postulate its (inergy sluMild l)e hv. Bohr put 


Jfv ^ IVr II7 


(li) 


wlier(? the subscript /’demotes a linal orbit, /' denotes the initial orbit. 
This is known as lhhr\s Smntfl Thfi/.iilnlr. This gives us tlu? 
fre(iucncy v in terms of tint (mei'gy dKlerencM! of the Htates of the 
11-atom. We have? 


V 


I _ I \ 

'' .Uf iJf)* * 


(7) 


11; wo put v/y,—2, and allow y/,. to take all integral values .'1, 4, 5,.. 
... . etc., we got a foiinula for the frequency v which is quite similar 
to the formula discovered by Balmcr for the visible lines of the 
H-atom* 

Bohr shows that the forinula agree.s not only In form, but also in 
absolute value with Balmer^s formula. The Rydberg Constant 

/r 


( 8 ) 
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I'aking the known values of e and h Bohr found that li should be 
theoretically 109723, while from spectroscopic data E was found to 
have the value 109676. The agreement was thus found to bo 
excellent. But Bohr’.s theory predicted more than what it proved. 
If the theory be correct, there should bo further series of lines to be 
represented by the formula 





Lyinau-series , 

. ( 9 ) 

where r, 

f=2,3,. . . 




and 

1 

1-> 

// 

> 

1 1 

Pasclioii-serie>s » 

. (90 


where ii »= 4, 6, 6,... Of these series the first is the most important, 
but calculation shows that 'the wavelength of the first lino of this 
series should be about 1216 A.U. This is in the Schumann region. 
This explains why previous investigators, working with glass oi' 
quartz apparatus were unable to obtain it. But shortly before 
Bohr’s theory was published. Prof. Jjyman* * * § of Harvard was abbs 
to photograph the entire scries in. his vacuum spectrogrn]>h. ft is 
therefore known as the Lyman m'iea. 

1^'he other series corresponding to /?y = 3 was observed by 
Paschenf before the advent of Bohr’s theory, and the second series 
corresponding to Hj = 4- was discovered by Brackott[. Both 
of them ni’e in tire infrared. Ji. similar series corresponding to =?) 
was observed by .Pfuud§ in tiro oxtreine infrared. The wavelengths 
of the linos of the different scries of the H-spectra are shown in 
Table 1, 

Let us now see whether the radius of the olootvonic orbit as 
given by Bohr’s theory agrees with previous estimates of the radius 
of the H-atom. Aocordiug to (6) we have an ~ an^, where 

Substitution of these values sliows that rt=’538X 
10 "8 cms. '.It is in ngreomeiit, as far as the order of dimensions, 
with the values obtainable from the kinetic theory. The radius of 
tlie ) 7 th orbit is «»*. 

16S, Mechanism of Emission and Absorption,-The 

raeolianism of omission is represented by Ifig. 2. Here we have 

* Lyman, Aslropkys, Jour., 23,181, 1006 ; 43, 80, 1916. 

f Pasolion, Ann. a. Phys., 27, 637,1908, 

t Brackett, Aslrophys. Jour., 66,164,1922. 

§ Pfuiid, JotM\ Opt. Soe, Am., 0, 193, 1924. 
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represented the different possible orbits by circles denoted by 
1,2,3 . . , etc. iindthe transitions i*i«e to different series 

arc represented by radial lines. 

Let us consider 
hydrogen gas in a 
discharge tube; then 
when no discharge 
is passed the gas 
(consists only of 
molecules. When 
discharge is passed 
a fraction of mole¬ 
cules are broken up 
into n toms and some 
of the atoms arc 
excited to higher 
levels* The lines arc 
produced owing to . «,KUbson>Mo» of 

the innato tondcncy of the electrons in the excited states to fall to - 
lower levels as described previously. "^rivo intensity of the lines 
emitted depends upon the RTohaUlUy that an electron will return 
from a liiglier level to a lower level, ^^ho excited states are main¬ 
tained by discliargc; and if it wore stopped, they would return to 
normnl states in no time and the gas will be rendered non-luminous. 

Almriyiion, —In absorption the opposite process takes place, 

When light falls on tho atoms, it is nbsorlxul by the electron wliich 
^ tlierefore receives an iiicrfinieut in its (UKU’gy just as in a photn- 
olcctrio process, and sliifts to a higher level. But ubHorption is 
clearly possible only when tlu^ energy oi the incident ])hol‘on is 
equal to the energy dtfferonc<i IxitAveen two stationary states, Hence 
only the chamcteristic Hnes can be absorbed out of a continuous 
HpeotiHun. 

When oontiniions light is passed tlirough a column of Ha-vapour, 
it is found to be perfectly transparent to tlie linos of the Baliner 
series, This does not contradict Bolir^s theory because in tho normal 
states hydrogen exists in the mohamlar stage, It is incapablo of 
absorbing Balmor lines, and can do so only when the molconlos split 
up into H-atoms with their electrons in the second quantum states. 

That this is possible was first shown by Ladenburg and Loria’^ who 

* Ladonburg and Lovia, Ann, cl 38, 249, lOlB, 
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Qbtainocl absorption of and Hg by passing contimioas light 
through a hydrogen tube in which H 2 was subjected to a continuous 
electrical discharge. The Balmer linos now occur in absorption 
because on account of the discharge, the molecules are more or loss 
broken up into atoms, iincl some of them occur in the S-cpiantuni 
state, and arc rendered capable for absorbing the Balmer linos. A 
sketch of Ladenbnrg^s appaivatus is given below (hhg. 3). 



K . , ♦ is the source of continuous light It is n discharge-Lube of 
very small diameter and contains the H-gas at a liigli 
pressure, 2 

A ... is a hydrogen discharge-tube containing at one mm, 

N h N 2 , , is a pair oP NicoPs prism, 

Sp. ... is tho spectrograph, 

S . , , is tlie secondary of an induction coil witli a spark gap Q in 
the circuit, 

L 1 L 2 , , are lenses for focussing light. 

Tho discharge tubes K and A are filled with pure dry hydrogen 
by means of the arrangement at tlie top. On starting, the two nicols are 
crossed, so that light from the source K cannot pass through tho spectro¬ 
graph, Only the bright emission lines of Hydrogen from the tube A are 
seen. On turning tho nicol, the nature of the spectrum at once clinngcs, 
The spectrum is found to consist of a qoutinuous background clue to the 
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8onr(‘oK, togftfchor with the Ha andH(3 emission lines of Hydrogen; further 
two tlnrk lines aiipenr on tlio edges of Ha and lip where they cut across 
the ccnUiniious bucikground. This is shown in Fig, 4 (a) which is a 
^el)rodu(^tion of Laden burg’s result* If the nicols are turned still further,. 
th(^ dark lines broaden, until tlie bright line in between them is'obliterated. 

Using th(3 gas in the absorption tube at 25 mm, pressure; the dark line 
app(^ars at the centre of the bright line (Fig. 4 /;), On gradually turning 
th(^ nicols, tho dark 
lino again broadens, 
until finally tho bright 
liiK^ is entirely cut off, 

T\u) int(a’prctation 
of iho uboYO vcHultrt 
is ns followB. On 
account of clootric 
cliacluirg(», .sonio of 
tln^ niol(jciile.s of hy¬ 
drogen in tlio absorp¬ 
tion tube A arc 
broken up into H- 
atoms, a few of which 
are (Excited to tho 
2-r|uuntnm state and 
are capable tif absorb¬ 
ing 11 a and Hp liue.s 
from tlio c<)ntinnoii8 
radiation passing 
through it. We thus 
got two dark absorp¬ 
tion liiu’s at tho edges of the eini,s.sion lino Ha and Hp. 

166, The Higher States of the H-atom, —According to 
Bobi'V tlu‘ory, tho radius of the /zth orbit of the atom is given by 

tew =^*538X10*"*^ 

tin? line 1135 (observed in tho Chromosphere) ' • 

«-7T)X10“” cm., 

when the prossurc in the tube is very large, the mean distance 
between atoms may bo loss than the I’adius of the higher orbits» 
Hence these orbits can be developed only in regions of extreme- 
F. 42 



{h) 

KIk> Aliflorpllon of Dnlmci'Uiu*R, 








330 BOHR^S THBOUY OF SPBGTRVM OF HYDROGFN | VH 

UMUiity* This probably explains why in an ordinary vacmini tnbo 
only a few linos are ob>sorvc(h If the pressure bo progressively 
diminished as in Wood^s experiment [vule infra) more lines eonie 
out. The same plieiiomcnon is illnatnited in the spectra of stars» 
and in the l^^aunhoffei* si)ectrnin of the sun which is a dwarf star 
{i,o, star with a rather dense atinosi^here). In the siin we get 
only live Halmer lines in absorption. In the spectrum of Siriiis> 
wlucli is a dwarf A-star but with a less tenuous atmos)diero, we 
get about ]0 lines in absorption. In the spectrum of a-Cygui 
(a giant star with oxti*emely tenuous atmosphere) not less than 
24 lines of the Balmer series are observed in absorption. Tliis 
has been illustrated by Ifig. 5, Plate V, which is aphotogra])h of the 
hydrogen linos in absorption as obtained in tlio spectrnin of Zeta 
Q?anri^ another giant star. 

167. Continuous Spectrum of Hydrogen.—^During the total 
solar eclipse of 1906^ J, Evershod photographed the spectrum of solax* 
oliroinosplion* and obtained no loss tlian 35 Balmou* lines in emission. 

Tic readied nearly tho convergence limit of Balmer series and 
further observed that this was folloAvecl by a continuous omission 
speotrum which just started at tho convergence limits 3645*81. and 
extended for some distance into the ultraviolet. Afterwards^ this con¬ 
tinuous spectrum has also been observed in the laboratory in omi.ssiou 
as well as in absorption (for alkali elements). Bohr showed tliat this 
continuous spectrum is due to the combination of a free electron with 
the bare hydi*ogen imcloiis. In the stars as well as in the vacuum 
tube) a large percentage of H-atoins may be completely ionised and 
may contain a large proportion of free eleoti’ons. If a free electron 
possessing the kinetic energy a])proaches an H*^ particle, it 

may bo caj^tured in any one of the quantum orbits. If it is captured 
in the second orbit, the diminution of energy of the system 
(])rotou I' free electron) is given by 

W ^ + I{h/2^ .CIO) 

hv Itk/2^ is the energy of the » combined system in the 2-qiiantum 
state. To this tlic energy of free electron must be added (wo suppose 
the proton to bo at rest). Wa may sxippose tliat tlic whole amount of 
the energy Uberated in a ca])tiire is given out in radiation. Tho 
frequency v is given by 

. 1 

2 ' ^ 2 * h * 


V 


. ( 11 ) 
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Sinc(! h •“’-vc all values from 0 to oo, formula (11) 

rcprcsonta a eontimious spectrum starting from the cud of Balm(a’ 
series and oxtcudiiig to the ultraviolet. The intensity in different 
imrts of the spectrum will depend upon the number of free electrons 
with the requisite amount of energy and their chances of capture in 
the second qnantiim'orbit. It is quito clear that not only the Balmer 
sorio.s, but other characteristic .seines will also be attended by similar 
continuous spindra .starting from the aeries limit and extending 
indefinitely to tlu! ultraviolet. I'lm continuous simcti’a are sonie- 
tiiiK'sdcnown as the rvmiiibmilion sprdra. 

168. Bohr’s elementary theory is not sufficient.—Bohr’s 
tluiory was thus successful in explaining many old facts and pi-edict- 
ing new omts, But it could not be is'gardod as final or sivfliciont, as 
it left u number of (pieations unanswered, and gave rise to difficulties 
of a,p(‘(Miliar nature, h'ii’st of all, according to tliis theory the spectoal 
lines .should- be single, wlul<! actual obsorvation.s showed that every 
oiKi of the Ilalmov lines hius a complex struehira and contains at least 
two ehm eomponenU, Hucoiidly, Bohr’s fideas are in flagrant con¬ 
tradiction to the mechanical (ioiuKtption of Nature. On Bohr’s model, 
the elccti’on exists in a number of (piantiscd states characterised by 
integral uiimbers. Hupijosc at any time, the electron is in orbit 
number fi ; «xperioii(!e ttdis us, that it cannot remain long tlierc, but 
will jump liacic to some, iowttr orbit.. 'Po which particular one will it 
fall V Is it the ‘1th or l;he ihsl or the 2nd ? 'il.’his question cannot be 
docid(!d oil dynamical gi'oiinds. Hence-we have to introduce an 
element of jirolmbility. We say that the electron iiossesscs a certain 
dolinlte prolmbility for (lussing from the nth state to a lower state m. 
ICiustoin* ilouotes this probability in tim general case of any atom 
by the symbol yl,»«. If wo have N„ atoms in the wth quantum state, 
then in time fU, the number which returns k) the lower state m is 
given by 

Nn^Aum^d/ .( 12 ) 

lint ill inuliini;' tliin jnoturtt, wc are .sacrificini^ the law of causal¬ 
ity wJii(jh domauds that tlie whole futuro course of a dynamical 
system Hhoiild bo detci'inined by the laws of motion and by the initial 
or boundary eonditiouH, just us m the case of planetary motion. But 
wo have scon that such conditions (Miniiot bo fonud for niotiou of tlu3 

.♦ Z ZeiU, 18, 121, 1917. A Tcivi Boo/c of Beaty 

8aha and Srivastava, Chap, XI, p. h-iG. 
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electron round the nucleus. AVe liftve to introdneo tlu? quaiilaim 
conditions mtlier arbitrarily, and then wa liave to endow the (^lo<dron 
with a certain amount of will power of its owin wliicli (uuibh^s it 
to determine its own DcMiiiij. This conception is contrary to all tiie 
canons that philosophers have established since the days of Gulilecu 

Bohr was conscious of this dilliciilty in liis tlicor.v and in 
collaboration with his students has been trying to improve it by 
continued ciForfcs. An account of these efforts as well as the 
attempts n^ade by other workers which successively led to tlui C3or- 
respondence Principle, Matrix Meohanios, and Wave-Mechanics, will 
be found in suitable volumes* The problem at issue became (*J(!nvor 
when attempt was made to extend Bohr^s theory to tlie explanation 
of the spectra of otlier elements as well as to allied phenomena like 
Zeeinann effect, X-ray spectra and Stark effect* 

169. Geneiral Explanation of Spectra of Elements.—lh>hr 
showed that in the general case the atom consists of a c>entra! )>nsi- 
tive charge Ze with Z electrons revolving round it. These Z oloetroiia 
may be supposed to be airanged in different layers. But it may bo 
supposed that the light vibrations are due to only one, namely, tlic 
outermost electron. The*equation of motion of this electi’on may b(‘. 
formulated in the same way, as in the case of Ixydrogen* Tlie alooti'P 
cal field in which tins electron moves is duo to a nuclear cliarge 
+ Ze which is compensated by that duo electrons distributed 
round the nucleus in an unknown way. Roughly the field is due to 
a net charge of unity in the oenti’e. lienee it is probable that tlie 
frequencies of linos of elements should be represented in tlie same 
way as those of the H-lines, with the same Rydberg constant. As a 
matter of fact, detailed analysis of the spectra of other <*leinonta 
(see § 183) by Rydberg, Ritz and others showed that the froipionoy 
of a specti'al line in the general case can be represented by formulm 
of the following type 

FRF.. 

whore fp and 9 ' are functions of integral numbers n and m of tlio 
type 

cp(n)^^M+a+'" .. . * * (Id) 

Now before taking the general case of spectra let us see wlxetlxer 
there are other spectra which present a greater similarity to tlui 
spectrum of llycirogen. 
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nm 

170. Lines of Ionised Helium.—Prof. Piclcoriog of I liirviu’d 
discovered in 1898 a sorie.9 of lines in the sjnictrnm of ^“l^iipijis, 
whicli nre distributed midway between the Biilmer linos us shown in 
,Mg. .*)«, Plate VI. 

Ho found that these lino.s could bo roi)rosent(!d by the I'orniiilu, 

v-7j[-3,—.(15) 

Tho wfivelongtlis ol tlie liiioH con’(>si)()iKlin^ to n ^ 4> 5, . * 

urG X 5412, 4541, 4199. 

SoiTiGwiuit Inter, Q*. 1?, Halo showed tliut if in PiclcGring^s forinnlu, 
we give to 'U the value 1, and reverse the tornis we obtain a line 
having frequency 

’’-"[w-))’-]. 

with the theoretical wavelength X 4988. A bright line of this cle- 
scription occura in the spectra of many nebuhe and of very hot stars, 
though its actual wavelength was found to bo somewhat shorter, 
namely 4686 A,U» Owing to the similarity of the aeries formula of 
these lines to the Balmer formula, they wore ascribed to a form 
of hydrogen (cosmic liydrogen) oxiatiiig in tho liotter stars, "riiey 
wore first observed by A. ’ITowler* in the laboratory in 1912, when 
a coudonsod' discharge was passed through a inixture of .Tl and He. 
Tvater, they wore obtained in discharge through pur(‘ He, showing 
that they are due to helium pure and ainiple. 


171. Lines of Cosmic Hydrogen are due to Ionised 

Helium.—Bohr allowed that the lines of cosmic liydrogen form 
really the enhanced spectrum of He, lloliiim is tho element next to 
H, it has got a nucleus having the charge 2rj, mass 4 with two 
electrons revolving in orbits about tho nucleus, spectrum of 

Ho proper consists of a large mimber of linos wliicl) were system-* 
atised in six scries by Rimge and PuscIkui (hoc infra Gimp. XU) 
We are not concorned witli their explanation at this stage, nor is it 
possible with simple mechanics, jiartly because we are here dGuling 
with the problem of three bodies. But if Ho loses one electron, 

A. Powlor, Monthly Notiees^ 73, 02, 1912; Prue. Roy. Sog, yj., 00, 426, 

1914. 
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the problem of; its spectral radiation becomes mathematically soluble. 
We can wite out the equation exactly as in §164, only the 
central charge is now We then obtain 



in the general case, where E-^Ze, For the H-atoni Z^Xj but for 
He+ ^^2, so thaiBne^^Kn. of Ho+ are thereforiv 


given by 



A table of wavelengths of lines due to He+ are given in the next 
page. It will be noticed that the wavelengths of'He+Jines possessing 
the same mathematical formula «as lines of Balmer series havo 
considerably smaller values. Thus the 1:10*^-11110 



has not the wavelength ^6662 but ^6560T3. Compare the wavolonglJiB 
of Hp, Hy, etc. in Table 2. The cause of this cHsoropancy 
is explained in the next section. 


172. Motion of the Nucleus—Variation in the Value of 
the Rydberg Constant,—According to the elementary forJU of Bohr*» 
theoiy, the Rydberg constant ought to be hivariablo. But A. Fowlcv 
pointed out that tills was not so. Ho showed that for the Balmer 
lilies of hydrogen 

Ejj *-109678 

while for the Pickering lines and other linos of He+, it was found that 
both from steller as well as laboratory data. 

=- 109723 

Tills variation in the value of R in tlio case of Ho explains why the 
wavelength of the line 4.77 (1/32 — 1 / 42 ) ig 4386 and not 4688. 

The objection, instead of proving to be any serious obstacle to BohPs 
theoiy, led to one of its most conspicuous triumphs. Bolir'*’ pointed out 
that in the elementary theory, the nucleus has been supposed to ho at rent. 

*lSr. Bohr, Zs.fPhys,, 2, 423, 1920; Astrophys.Jour., 71, 228, 1923. 
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But this is not wtrictly Iviie. According to tlynamiciil princiiili-s, it is tlic 
centre of gravity of the syatein consisting of the niKdeus nnd tlie electron 
wliicU is tit rest. Tliougli in the preliminary treatment, tlie nucleus was 
supposed to bo tit re.st, the error was not mucli, for the proton is 2000 times 
heavier than tlie olectron, and the contre of gravity of the system proton- 
plus electron very nearly coincides witli tlie centre of gravity of the proton. 
But wo can easily work out the rigorous theory {vide Appendix, note 3). 
We liave then merely to substituto tlie redueed mass mMl(m + iI/) = 


Table 2.—Wavelengths o/" IIe+-/we.s. 


Observer 

Series 

71 

^TIK!. (obS.) 

Au. 

^*«o.{cal.) 

A. U. 

V (cal). 

J5dlon* 

v = 4P„„ 

L] 

ni) 

2 

303-6 

30379 

329166 




3 

2r)6'3 

266-33 

390123 

Lyinanf 

(■p 

1 

1 \ 

3 

1640-4 

1640-49 

60957-35 

n^) 

4 

1216-2 (?) 

1216-18 

82292-42 



6 

1085-2 

1 1084-98 

92167-61 

FovtM 

' / 1 

1 \ 

4 

4686-700 

4686-760 

21336-31 


' ) 

5 

3203-138 

3203-145 

31210-33 

36674-65 


6 

2733-326 

2733-334 




7 

2611-233 

2611-238 

3980901 




8 

2386-427 

2386-436 

41908-29 




9 

2306-216 

2306-227 

43347-60 

Pasclion II 



10 

2262-810 

... 

• ■ « 

Evans Tf 

V (if - 

.1) 
ml 

5 

G 

6660-'l30 

1012372 

6560-168 

9876-09 

16239-31 


(Pickering Bor 

iofl) 

7 

6411-661 

6411-67 

18473-80 


« i 

4860-342 

4859-36 

20573-10 




0 ' 

4641-612 

4541-63 

22012-37 




JO 

4338-694 

4338-71 

23041-87 




11 

4199-867 

4199-87 

23803-69 




12 

4100-400 

4100-08 

24382-93 


{l—m/M) in place of wt througliout tlto treatment in § 164(/1? is the mass 
•of the nucleus). Hence wo obtain that for 


Hydrogen, 

Helium, 


It 


R 


'hi" 


no 


hi 


-»)-"(■-») i 

(*- 5 )-^'('- 5)1 


(ih) 


* Edlen mid Ericson, Zs. f. Pbys,, 69, 66(1, 1020. 

fLyman, Aalrophys, Jour., 80, 1, 1824, t Fowler, loe. eiL 

llPaschen, P%s., 50, 001,1016. 

I Evans, PAil. ilfa^i., 29 (6), 284, 1916. 
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in fcliG Rydberg constant when U tends to infinity. 

.l^^roai the difference in the value of the Rydberg constant, it is easy to 
tnthntUite the important ratio m/il/. We have from (16) 

M ^ 3 U 1836 

Thi« 18 the most accurate value of injM so far determined. 


Spectntm of the Heavy Isoiope of Hydrogen [Denton) 

Wo liavo seen in Chapter III, §39, that atoms of most elemciits 
i*i the periodic table consist of isotopes, that is, partiolos having the 
HHine number of electrons in the outer shell, but differing slightly in 
atomic weight. The nature of the ,spGCtruni emitted by the different 
isotopes is absolutely identical, as this depends only on the constitution 
op the outer shell, but the lines are found-to possess slightly different 
■wavelengths. This is partly duo to the action of the mass of tho 
micleiiH, which makes tlio Rydberg constant somewhat different. 

ceortling'to (16), taking tho motion of the nucleus into cojisideration, 
wo luvs’^e 


n 





wliero * j\{^ is the mass of the nucleus. If two isotopes possess tho 
muHscs M and 717', the frequencies v and v' of tho correspoudiug 
liuGH are connected by the relation 

v' 6v 8717 


whcj*o 


. or —m 

X-nijM V 

5il7-7l7''-7l7. 


717717' 


(18) 


^J?hc change in frequency is generally very slight in tho case of 
heavy olaments, but recently Urey, Brickweddo and Murphy liave 
8 UC 0 ceded by this method in discovering a heavy isotope of liydrogou 
iii wliicli the mass is 2. It consists of a proton and a neutron, and. is 
clcuiutecl by The lines of this hydrogen isotope (called XHplogen 
hy Tjoi'd Rutherford, Deniou by the American investigators) are 
oxpacted to show very considerable shift. In fact 


Sv m 1 8^ ^ /ia\ 

V "" 2717^2X1836"" X ' *^2X1836 ’ ^ 

^rju 3 wavelengths of the characteiistic lines of calculated according 
to the above formula and the observed vahies are given in Table 3» 
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Table 3.—Isotope shift of the spectral lines of heavy hydrogen. 



Ha 

II^ 

II, 


XinA-U. 

0532 83 

•1801-3 


4101-73 

6 ^ (Caleuiated) ... 
8 X (Oliserved) 


1-326 

I'lan 

1*119 

Onlinsiry H 


]-3<l« 

i-aoo 

1*145 

Sample I 

. . . 

J-330 

Ml)!) 

ri()4 

Hum 1.1(1 II & in 

1-791. 

1-313 

M70 

ii)m 


Ur<^y, .nri(*Jtw<id(lo arul Miiridiy"^ huv(i juituully l){jou ablo to 
ol)H(‘rv(i tlu^ (dloat ill tho anocmd order Hpnctriiiu of a 2.1, :fi'. eoneavo 
gral:inf>: ^vith a di9]KU'f<iou of 1*31 A. (J, par min. They took a Huni]do 
of ordinary dry hydroj^oii in a disclmr^o tube. On paHsing diHoliargo 
under JOOO volts and 1 aniporo current, and increasing tlio cxposiiro 
by <1000 tinn^B of tliat required for pliolographing the ordinary Balmcr 
linos (gonorally 2 see. in this arrangement), they ()bsorv<ul a biirit 
coinpaniou of the main Hjg, lly and II 5 linos in tlu; s])octriiin. 
The faint components wore 8np])osed to be the and Us-* lines 

rospoctlvoly, and they appeared at the oxpect(Kl positions 
(botvv<Kni 1 and 2 A. IJ. from tlm main lini^s towards the shorter 
wavolongtii side) UvS can be readily seen from tabhi 3, 

A iiliotograpli showing tlie componeuts of tlu^ lla and 11/9 
linos is nqiroduced in Ifig. 0, relate VI from a photograjih given in 
Aston^s Xsotopos (1933 edition), lii or<ler to make siirr^ that the faint 
lines wore not ghosts or duo to houh^ impurity, they us(‘d thr('o diHoront 
samples of hydrogen all obtained from the evaporation of liquid 
hydrogen, tln^ first at utmospheriepresHuro, mid the other two near 
the triple point. Xt was found that on a(JConnt *of greater eoncentra- 
biona attained in the sampies II and II I, tho’lF lines ohtaiiKal with 
them were more intense than in the llrsi; case. 

Jfrom the i^clative increase of the exposure so that tlie lU line 
just appeared on the photographic, plate, the relative abundance of 
XI'^ in tlie first sample was approximately calculated as I 111 4000. 

173. Pine Structure of Balmer Lines.—So far wo have boon 
regarding the Balmer linos as if tliey are simple gimmotrical linos, 


Urey, Brickwedde and Murphy, Phys* Ucv.^ 40, 1, 1032. 
I‘\ 45 
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possessing a mathematically definite wavelength. But a little 
acquaintance ^vith spectroscopy shows that every spectral dine has 
some small though finite breadth extending in exceptional cirouin- 
stanoes over several Angstrom units, The breadth is due to a variety 
of causes ; (1) Doppler motion of radiant centres wliich changes the 
wavelength from X to X (:i. ± ^/c), where v is the velocity of the 
radiant atom, (2) pressure effect, etc. The broadening can bo 
reduced by working at low temperatiiros and at very low 
pressures. But still a finite breadth persists which has been ascribed 
to natural damping of the atomic resonator. 

Jliclielsou was the fii'st to show that even when extrotm^ cure is 
taken to reduce broadening, tlie Balmer lines show a structure, jis if 
they are composed of at least two, and probably of more close 
components. Michelson found the distance between the two com¬ 
ponents of Ha to be Mill, units approximately. 

On account of the groat theoretical interest of the problem, tlic 
fine structure of Balmer-linos and of tlicheliiim-lines % 4686, and of the 
other members of the series v—-l/iiio (l/3^ l/n^) have been attaclc- 

0(1 by a largo number of inv(‘>stigatorH with the aid of intcrferciioo 
spectroscopes of higli resolving power (like the Micliolsou or the 
Lnmmcr-G(;hrccke plat(^ interferometer). The subject is too tech¬ 
nical to b(^ described here and reference may bo made to the original 
sources.* The usual method is to photograph the lines, and then to take 
a micro-photometric record of the distribution of intensity along tho 
breadth of a spectral lino. Each individual component of a line is 
bliGorotically expected to give a curve similar to that in Fig. 7, 



KIg. 7. Intensity (llstvibiillon nlonfi; the brendih of (ha spoeirni lino. 


* See for a critical account, Laii, Phys, Zeiis,^ 25, 60, 1924; Hansen, 
Ann. (I Physik (5), 78,568, 1925; Keu8sler,^^m^, rf. Physilc (6), 7, 225, 
1930, For works on He+-lines, seePaschen, Jnn.cLPhysik (5), 82, 689, 
1027, A very good account is given in Sommerfeld's Aiomlmi uml 
.Spektrallinien (1924), Chap, VI, 
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’which is a probability curve,* This is due to the fact that 
the radiant centres arc movinf^ towards or away from the observer 
with the velocity ± v where v varies from 0 to oo. The wavolcngth 
is therefore changed from Xo fo Xq by AX—Xot’A?. Tluv 

intensity at a distance AX from the centre is proportional to tlic 
number of radiant centres possessing the velocity y, and according to^ 

MaxwclPs law, this is proportional to 

Thus the distribution of intensity follows the law, where 

X == AX. 

The half'-widtli of the line is given by the distance from the 
centre to whore the in tensity reduces to half its value; the half¬ 
width can be shown to be equal to 

where T ^ temperature, A ^ atomic weight of the radiant centre and 

gas-constant, 

The total area included bohveeii the curve and abscissa repre¬ 
sents the intensity of the lino, 1?lic height may be taken to be a fair 
measure of the intensity, 

AVhen there are several eomi)ou<nits of dtflporont intensities very 
close to each other, the curves may ovorhip if the half widths of each 
lino are comparable to the Hcpavation, A^^c may tliUH got a distorted 
curve, and it becomes very dilftcnlt to recognise the iudividiial com- 
])ononts in such cases, particularly when the componet^ts are of 
unequal intensity. 

Fig. 8 reprosents the intcuisity 
curve of Ho-lino as measured 
and corrected by Hanson when tln^ 
pressure of the discharge tube wan 
*3-*015 inm., and the current 
tlu’^ougli the tube was *2 to *04 
amp/cm.^, and some oxygon was 
added to the tube. rig. 8. luti'MKit) <UHiribt,iioj)onia {iiiomny- 

The reason for mentioning tlieso details is that the form of 
the curve is found to vary rather widely witli oxperhnontal 
conditions. The broadening depends, besides BoppleiMiiotioji, on 
pressure, prcsonco of electrical fields, xii^^^sence of foreign gases, 

* See Text-Book by Saha and Sriviistava, p. 719. 





840 BOHR^S THJi^ORY OF SPFCTHUM OF HYDUOGFN \ VII 

elx? which produce sometimes ussymmotry of a pui^zling nature* 
Very careful woi*k is needed to eliiniimtc all these disturbin/? oloments. 

From the curve g:iveii above and otliers, it can be easily scon 
that in Hi, two components separated by a distanoo AA.^'182 
A*U. can be clearly recognised. The separation is calculated from 
the distances between the two peaks which’may be taken to represent 
the centres of the two components. But the curves for the two 
overlap, and both the violet and the red components appear to be 
assymmotinc on one side. This is explained by assuming that 
there are other fainter components, as shown in Fig. 9, which is 
taken from Hansen^s paiier. Hci’o the experimental curve is shown 
as composed of three component curves of which the middle one is 
almost completely overlapped by the other two. 



l^irther discussion is postponed till we consider the theoretical 
explanation of the doubling. 

174. Explanation of Pine Structure of Balmer Lines.— 

The first explanation of the fine structure of Balmer lines was given by 
A. Sommerfelch* Though this explanation has been modified in yery 
essential respects, it is important as marking a fresh landmark in the 
history of atomic physics, as this theory gave the first clue towards the 
explanation of the complex features of alkali spectra. A brief sketch 
of the theory is given below, though for a complete exposition the 
notes at the end of the present chapter should be consulted, 

♦ A Soinmevfeld, Alomhau tmd SpcUrallinien (1924), Chap. II, p, 122. 
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:i4l 


SOMMKilFKLD’s (tKNRHAIJSATION OF liOMlds. ElKMP.NTAUY 

"rUFOIlY. 

I'hd orbits of pluncts round tUo huh iiru gotiorully (dlijitusid; only 
in very niro oases iiro they circular, lii a.ssiiming tluit the orbit of 
the electron round the nucleus is circular, Mohr at iir.st pul a reatric- 
tiou on the possible inodes of inotiou of the electron. Sommcrfeld 
showed that this restriction was unnecessary. We can formulate tlio 
motion more generally and take both ?' and 0 as variable. Since the 
force is central, the orbit in this case is generally elliptic as proved 
in §74; the full particulai’S of motion can be worked out as follows :— 


Lot the nuolouH be taken ns the origin (Fig. 10) and r, 0 donoto the 
position of till) electron at any instant. Then we linve 
Kin otic energy ■=> 7=.) =■ i vi ^ 

Potonliinl micrgy —;“■=» V 


i m 


27)1 


J 


Wo luivo 


7)tr^ 


87’ . 87’ 

n rs - ^nVf Pa » "T- 

vfhomp^ and aro known an gonoralisod moinonta, 
Tho oquations of motion an^ 

d 97’ „ 

7ul Sr 


d r9(7’-F)T 87* 

L' so' J Sj 


dll 


0 


Thoso rod u CO to 

Afl proved on p. 150, it can ho Hhown that tlm orbit Ih tho conic 

. ( 2 L 0 


I 


l + 8 COH^ 

wborothovalucflof ^and 8 liavn to be 
obtained from tho initial comlltionB. 
In tho prosont cane, tho initial con¬ 
ditions cannot bo obtain 0 (i» for 
reasons mentioned on p. tiioir 
place is taken by tlie quanltiin 
V07tdUi077s, .For the caao of motion in 
a circle, IBolir assumed tho qaanUun 
condition to bo 


(no) 


m 


m 





KIk. JU. Tim olUplIo orbiu 


till 

2k 


(22) 






342 SOBERS THEORY OF SPECTRUM OF HYDROGEN [ Vil 


Sommerfeld, iind W. Wilson* tliought tlmt this wns only u special 
Cflse of more general quantum coiulition 


dp. 


chj => nh , 


(220 


where tj is the positional coord in nte and p fclio corresponding inoniGntiini 
coordinatej n is an integml number. 

The integration extends oyer the whole orbit. Wlion (/«==?ft P^P> 
(22') reduces to Bohr Vs condition 

dp^do = khf . (22a) 

because from equation {22\p^ is constant aiul 0 vurios from 0 to 2K 

Thus Bolir^s assumption is seen to bo a special case of the Boninierfold- 
Wilson condition (22fl^). The second quantum condition is 


pdr 


C ) inr 


dr »= n'h , 


. im 


With the aid of equations (200i (210 ond (22), this integral redueea 
to the form 

sin 2 $dd 


Wi ,r si 
2 jt® y (!• 


(l+e(!os<?)2 


n'li 


(22c) 


F 

Tliis integral can be shown to have fcho valno --—I — 


1 . 


8HV(-82 




Hence we obtain 


VI--82 


or 


^1 = 


82 


3 1^7 




'{n>+k)^ .C43) 

Thus the eccentricity of the orbit is expressed in tornis of thu two 
quantum numbers and k, 

Furtlier from tlie theory of central orbits^ we havo 

^-2 (rate of description of areas) Vji/r 
where (i-force on unit mass at unit distnnco=e2/»i, and l«latu8 rectum of 
the orbit. Also J =r2ft 


Hei*e 


r 2 0 


kh 

2%ni 


bonce 


/ kh 
\ 2Km ) 


m 


I 


* ( 2 <t) 


The ellipse can now be completely determined if wo can obtain tim 
value of 0 , the semi major-axis. This can be obtained from the formula 
(^4), and the relation a^//(I 2 )^^ (?V+/ii) 2 //<; 2 . 

We have then ’ 




) 


}• 


(25) 


W, Wilson, Phil. Map., 31, 161,19.16, 
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ie,, a lias tlio same value as in Bohr’s ohunentary theory. 

. » ^2 

The total energy == i 

^ ^ 2a //a'.‘ (n'TW^ .^ 

IVith the aid of (25). Thus i(‘ wo putthe expression for energy 
retains the aanie form as iji ]3ohr*s th(?ory. 


175, Summary of the Results.—The nuun results live:— 


e ^-1 
IS ^ - 


■uU 

' w+w 


a 






b «=« 




If wo put the total energy of tlio Htat<jH has the same 

value as inBoh^^s elementary theory, but the mechanical interpreta¬ 
tion of the states becomes different. A state (n) with the energy 
- may bo duo to the motion of tlio electron in a number n of 

differont orbits in which n remains the same, k may vary JTf)m 
n - 1, .... to J.. 

li'or example, when n*==«2, wo have two (orbits 
k ^ 2, = 0, ^ — 0 

k 1, n' ^ 1 , B -- V jV2 .. . (20) 

the first of which is a circle 'and the other an ellipse. The orbit 

corresponding to is not possible, for the orbit then becomes 
parabolic. 

For n^Qt we have throe orbits 

fc - 8 , 8-0 ) 

k — 2, // — 1, B Vn/!5 ^.(200 

k « 1, iff — 2, e — n^h/B ) 

An orbit which has the Mat (pmidftni mnnher ii, and the aHnmthal 
quantum nnmhm^ A, in denoted by n/( . Orbil/S for 2, 3,4,.... 
are shown in the following diagram (Fig. l l). 

A lino like Ha is now seen to bo duo to tli<i transition of the 
eleoU’on from any one of the three B^. orbits to any two of the two 2^^. 
orbits, and the same holds for other linos of the Balmer series. 
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Evei 7 Balmer line is thus seen to bo composite, consisting 
of a number of lines possessing equal energies* Thus Ila should 
consist of 6 superposed lines, but Sommerfeld showed that tran¬ 
sitions between all kinds of orbits arc not allowed, but they arc 
restricted by a pnndple of selaoHon, The allowed transitionB are 
those for which 

Ale = ±1. 



Ti'ansitions A/ij— 0 , 2, 3, • *. are not allowed. This is the sch^ction 
principle for azimuthal quantum number, which was first in trod need 
empii’ically, but is explained by the Correspondence Principle, as well 
as by Matrix and Wave Mechanics. 

The Balmer-lines, according to this hypotliesis, should consist of 
three superposed components la, Ilh, Ilia as shown below. 


a 2 3 ^—' ‘ . X 



But tho components ave not actually coincident, for reason, stated in 
the next paragraph. 
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X76, Correction 'due to Relativity,—Ikt SomnKjrfold’*’ahowwl 
that the eiiergy-valuGS of tlio (lifforoiit orbits posaossing: the same iotul 
quantum numbor are equal only to u first approximation, as long as we 
can take the kinotio energy to bo But Einatoin has taught us, in 

his special theory of Relativity, that tlie exact expression for the kinetic 
energy of a parti do is givcni by 


K.E. » mj-i \ -- 1 


UHiug this expression for the khiotic onorgy, Soiiimorfeld showed that 
the energy of electron in the n/i. -orbit is glvon l»y 
W 

niJ)^' 




_ 

{n'+JhTZ"aiZi)il ‘ ■ 


(27) 


whore a is the constant quantity lolly and Zo is the nuclour charge. 
It is oiiaily seen, substituting t)ie value of a, o and Uy that 


a - (7*205d: 000 ) 10 ^ 


I 

137 


nearly. 


Since a is a small quantity, wo can put, as a first approximation 
VP - ^2 « w'+A' « n 

Then wo get 

. . . 

hW ' ’ 


(27') 


whicli is Bohr’s expression for onorgy in the Hth orbit. But if weoeiry out 
tlio second approximation, mlc p. iir)?. wo obtain after some worlc 
llZi 


—V 


nh 


ni 


, (n 3\ , ,. , , 


( 28 ) 



* A. Sommerfeld, Ann, d, Phya,, Bl, 1,1010. See also Atomhau, Ohiii), 6* 
F. 44 , , . 
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The first term is the usual Bnlmer term. The second is tlio correction 
to be applied. 

The quantity ais known as SommerfehVs Mne Striieiitre Comta}ii, 
On account of the smallness of the value of a (it is about 1/187), 
the correction to be applied to Bolu»^s value of is extremely small. 
But even this small value suffices to give a partial explanation of 
the fine structure as shown below. 

Let Av denote the departme of from the Bohr-value as 
given by (28). The value of Av/7?a^ for the different orbits which 
give rise to Ha are shown in the following scheme, in which a, 'h 
represent the two levels arising from and I, II, HI 

represent the three levels of A line arising from the 

transition I to a has been called la, and so on for other lines. T^he 
sclieme of transitions has been shown diagrammatically in Fig, 12. 
in which the dotted lines I ft, HI b , . represent the transitions 
orbiddeu according to the selection principle. 


Table 4. 




T 





lla'i 





a 

1 1 
. 2* ' 4 

3a ^ 

— Sj 

1 1 . 

3-1 ‘ 4 

1 

! ■ 1 ^ 

■ 

1 F) 

2* ' ‘i 


- 32 

t 3 

4 ‘ 

1 

ij 




\ 

1 




j 

1 B, 


III 


We have now the following Avalues for the components. 


Table 5. 


Component 


(calcul.) A.U, 

Remarks 

I a 

RaK {•0126) 

-O'O'sid 

Very strong 

11 b 

.Z?a«, ('0688) 

-0173 1 

Strong 

III a 

- Ra\ OOlSl) 

+0'0304 

AVeak 
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The Al.„/^'-valiies in the third coliiiim avt) calculutcd from tlio 
relation Av. The first two values are uojrativo and the 

third positive. We thus hope to j^ot three coinpoiieutH, two of whieh 
are towards the violet, and th(^ other tOAvards the red side of the 
spee-trunu But tlie latter Avill be very Aveak. So iiegloctiuK ihis tliero 
remains tAVO comixmonts, one of whieh is more violet than tlio other. 

IjOt ns noAv compare thes(i figures Avith the experimental results. 
Riiforring ba(ik to the curve in l^ig. fi, avo can easily identify the 
violet component with II />, and tlui red component Avith I a» The 
distanco betAveen them Avas found to b(3 A1.^M42 A. units. Ifrom 
this, Ave can calculate the value of a, and coni])aro it Avith the value 
obtained by directly substituting the values of c and h, We have 


Hence 


Av «= iia* COfiGS)--:^^ 

A. 

AX __ ___ J.4-2_ _ 

V. ,/ilX'0r)62 “'■((l^{5G)*xmG3XlOSG74 


ry32xio-‘s 


or a 7'2!)0X10"" oriipproximntoly .... (2!)) 

'The value obtained by HubstitiitiiiK the vnbies of e, r, h i« 
a = 7'2!)f)X10"”. 


I^or the sake of 




^riie agreement appears to be excellent, 
convenience the (liflcrcnt 
components obtained from 
experimental remi I Is an? 
shoAvn s e p a r a t (? 1 y i n 
1 %, 13, in wliich the 

intensities of the compo¬ 
nents are represented 
approximately as propor- 

tional to their lengths, ______ 

Tho corresponding AX- 
values are shown belOAV 
each com])onont, 

But this figure sIioavs a rather strong component on the red 
side of the violet coini)onent II /;. Calculation sIioavs that this 


- 0'03l 'tom 'i-0'030 


exactly coiTosjmnds to III b Avhicli corresponds to the transi¬ 
tion 3i -’>• 2 1 and is forbidden according to selection priftoiplos. 
But HI h is a rather strong Hue. The red component is also 
Hssymmetrio (sec curve), but this is probably duo to III «. Further, 
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according to theory, the red component Ire should be stronger than 
the violet II 1), but this is not seen to be tlie case. . 

177. Fine Structure of He"*" Lines.—Ho''-linos possess 
the Rydberg number AH. eorresjjonding to Z~2 in forinulii (70. 
Hence the separation ought to be 2“* times larger than in the 
case of corresponding hydrogen lines. Hence for testing SonnnorfchVs 
theoi’y of fine structure, Pnschen chose the line 

X4686 = 4 Z4ie ...... (80) 

Actually the separation is not so'large, as the denominator is S*'* 
in place of 2^ in the series formula. In this case also it was found 
that tlioiigh SomnicrtekVs theory is to certain extent supported, 
certain extra lines occur which are forbidden by the selection 
principle as in the case of hydrogen. The components of 
according to SominerfckVs tlieory arc shown in the following scheino. 


Table b\ 



AV,a. 

! .. 


AV„i 

Zfa* 


r 

2'' 1 
’ 1 

83 *«— 

- 4^ 

24 1 

44 ' 4 

a 

n 

24 3 

34" ‘ 4 

3s 

1 

- 43 

24 7 

44 ■ 12 

b 

HI 

24 9. 

:F ■ 4 


- ds 

\ 

24 B 

44 ■ 4 

a 




4i 

24 18 

44 ■ 4 

d 


We have then the following Av„y^ values for the allowed 
transitions. 


Table 7 , 


Component 

; 

A A. U. (calc.) 

Remark 

a I 
h 11 
« HI 
' c l 
d II 

Ra^ ( 
iita21 
/fa«( 

- iZa® ( 

- j7a? 1 

:’3663 

[•0287 

(•0.549 

1 

1 

i 

-004321 

~0’1430 

-0-1696 

+0-0368 

+0-07038 

Strong 

Strong 

Strong 

Weak 

Weak 
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34f) 


150 


5 

5 .100 


60 


Thiisc d(!(liictioiis may bo ooiiipurod Avitli following micro 
])hotoniotric v{?cor(]s (b^ig. 14) of aoo 
tli(i coinpoiKMits of K 4()S(i obtainod 
by Paschou and Ids (‘o-wovkors. 

Tn this case tlic iuv(‘stigators 
foinul that there was good deal 
of difference in tU(', ai)])(jai*aiu‘.c 
and ve]ativ(5 intensities of the 
linos according as the discliargc 
tube is run by a traiisfornnn' or 
by IX0. cnrrcnit. '^rhe D.C, dis« 

(diavg(^ gave the best results, '^riie 
lignre shows a number of peaks 
in (Ik^ intensity distribution in 
tluHimwjbSb. The peaks stand 
for th(^ components, The x-axis 
representH mensnremeuts on the 
comparator, 'The dispersion 
being known, % for any compo¬ 
nent is known. 


X** 26 a n 
O^S70A^E[ 
_ 

m 

fm m 

I 


1 


1 

1 


1 

1 

_!Lj 

1 

s 




1 


1 

Li _ 


6 r 6 


m m 


52«0 


X iucrettsing 


lu rnBOlicn’Hiiiloropholojfi'aiii of Ho’* 
lino (X4«86'BtO‘Hlfif»‘9). 


Th(‘. resnlts artj analysed in the following tabic. 


Tahh^ 8. 



\ 

obw'rv<«l 

ciilunliital 


Linn 

Intensity cal. 

Intensity obs. 



r.-oaB 

Ih/ 

0+8 

I 

•575 

-- 



•800, 

\r, 

8 

•225 




•844 

Ilfl 

V + 0 

•875 




•H37 


2 

1 


■D 

5-80!) 

•810 

r« 

I 

. 20 

7 

0 

711 

710 

lib 

4+5 

21-66 

7*6 

B 

f)F)3 

■514 

IIW 

12+13 

r33 

' ' 1 

A 

•388 

' ’384 

nif 

10+11 

6-50 

! 3 

1 

1 


The letters A, B,.,, in the first column denote tlie peaks in cuiwe, 
roekoned from the loft, T4io wavelength of the zero line has 
been taken to bo X 4()8r)*8nU2, The wavelength of la should be 
Xo'~^T4T2=»4()8ff810 according to table 7. \^Tu)btaiM from table 8 
'kohH, of ^4085*809. Wo find that If?, II/>, IIIc come ovit strongly 
as expected, hut IJM xohich is fahiy strojuj^ should not^ aecmiling 
to the Seleelion Prinei'pk^ occur at all, Fiirthor we get two faint 
-companions to the red side of la which will be fnrther di^oussedi 
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The observed intensities are given on column 6^ The liguros in 
columns 4 and 6 will be explained later. 

178, Those anomalous results in tlie fine struoturo of the lines 
of II and IIo"^ were first satisfactorily explained by Goudsmit and 
Uhlenbeck* on the hypothesis of “rotating electronTheir treat¬ 
ment can be understood only after tlic reader is familiar with the 
technicalities of tlie alkali spectrum to be described in chapter VITl, 
and with the vector representation of atoms as represented in 
cha])ter X. But for the sake of continuity, the treatment is included 
here; it should be read only after chapters VIII and X are read. 

Goudsmit and Ulilenbeck showed that the families of terms in tim 
hychogeii spectrum is just like that of the alkalies, if?,, they consist of 

a doublet 5-SGquonce 2,9,3 a*, 4,9 ... with y==='ij 

a doubletp-sotpienco 2p, 3^!;, ip,*, withy^=’i and S 

a doublet ^/-sequence 3r/, id*,, with and § 

a doublet /^sctincnce if, .. withy=^§ and 

and the energy values of terms liaving identical n and y, but 
different /r, are the same and given by SommerfekVs exi)ression for 
the energy value of the orbit, 

Thuswehavet 2P,^— 2 i 

3Pj*=’3D|^*=“ 82 . 

So the diagram showing the transitions should be replaced by the 
following : 

Table 9, 


1 

W=2 1 

n-8 



^ ^ - ^3 

3D| 

. I 

1 

i 

h 



1 II ' 

1 

j ■■ ■ ■ ■■ 

i 


Fi 

1 , . ■ 

HI 


* Goudsmit; and Uhlenbeck, Nature, 117^ 204,1926; Physiea^ 6, 266j 1926, 
f In leproaenUng the terms, we are following here the Kussell-Saiuulers' 
notation, 2 stands for S^S.l , where the superscript 3 to the loft of S 
denotes that it is a doublet^ This has'been omitted as it is common to all 
terms, The number 3 to the left denotes total quantum number, : ; 
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The actual number of components cxpo(itecl is iiuHcatecl schoin- 
ntically in Table 10 aiul 15. Aii approximate idoaof intensity of 
the lines can also be formed from the iiatiiro of the transitions giving 
I’isc to them, ronioinbering that transitions for which — l give 
strong lines, and Afc—+1 give weak lines. 



Table l(h—Mne slrHeiRViuwnpcmmiii ()f \\a 




A. 11. 

Tn tensity 

lines.(^ompommtH 

(Jahail, 

Obaorved 

Oalcul 

Obsor- 

VCll 

8 ? 

-0-03314 

-0031 

0 

1 

9 

ro...(2P^~3Dj)+(2Sj~31’„) 

: -0’I73 

-0'173 

7-08 

3-4 

.lIa...2P^-8D^ 

... 

+0016 

: 1 ; 

1 

III&...(2P^~3Sj)+(28.-3P,) 

• ••: 

-0’120, 

1-18 


IIIo...2P^-38^ 

. +0-030<l 

+0-030 

■18 

-SL-. 


We tliiis sec that according to the Theory of Q-oiidsinit and 
(JhlGiibock there ought to bo as many as seven components 
in TIa, but a few overlap, leaving us 5 iudependoiit components. 
Of these, the last one la duo to transition having A/i;** 41 and is 
fclieroforo rather faint. On account of great bmdth m£ all H-Iinqs, 
it is not found possible to sepai’ato the components unnmbiguonsly, : 
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but the presence of III/; is unmistakable. The calculated luul observ¬ 
ed values of Alnk mid intensities arc shown in columns 2 and 3 of the 

last scheme (Table 10). 1^‘om these results the explanation {jiven by 
Goiidsmitaud Uhlenbeck is found to bo corroborated beyond doubt. 

We can e.xplain in a similar way the occurrence of extra com¬ 
ponents of I 4680 of He+ in Paschen’s microphotograpli. Wo find 
now that the real scheme is:— 


Table 11 



7^ = 3 


71^4: 1 


I 1 

3 3 

-- 


44 

a 

11 

( ^4 
32 p‘ 

fez: 

I)» 


h 

III 1 

I 18 

3 . ' { s' 


■§ J 

p(l 




1 

1 



^ 4, 

d 


instead of table 6 on p. 348, so that tlio nuinbor of components are 13. 
Table 12.—Fine struchire components o/TIo+dOSO. 


Identification 

aU (A. U.) 

Intensity 

Calculated 

Observed 

Oaloulatocl 

Observed 


' -'0482 



7 


-1430 

-1422 


7'6 


-'4096' 

-•4662 


3 

h l...D^, -Fj 

'■--•016 


1 

1 

»*4 

c I...D^ - P^ 

-b'03C8 


•22 

2 

tf IT.,. (D J - P|.)+ (P^ - ) 

-•009 


•876 

... 

rf II.,.(Dj - Pj)+(P^_S|) 



■67 

0 

rfm...{P^-s.j.)+(s^,-p^) 



r836 

1 
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These components are dia^rrainmatically sliowii in Ki. 


Thus theoretically, as many 
as 18 components may exist of 
^vhich a few overlap. Six com¬ 
ponents arc distinctly observed. 
The calculated and observed 
values of wavelengths Ahthy and 
intensities are given in columns 
2, 8 and 4, 5 of table 12. 

The agreement is again 
quite satisfactory, inasmuch 
as the tlxGory accounts for all 
the observed lines both with 
respect to their wavehnigthn as 
well as thoir intensities, 


' 


-•, Diy, 

_ / D>i, 

- S ly,. 

Kl|j lit, TlmoomiiononUof Uo+40Ha*(inonll»(f 
(0 ilic splii-thoory. 


> 

yOlh 
/ P>h 
\P>I, 

. / P<l> 
■ Si/, 


179, Intensity of the Components. —The ti’oafcmont of the 
problem becomes incomplete without a cUsoiissiou of the relative 
intensities of the compononts.* Tho subject of intensity will be 
taken in a later chapter, but a biiof*rcHumc may be given here. Tho 
Ea-liiie consists of components wliioh can bo shown in tho following: 
multiplet form. 


1 ca 


sp 




Si. 

3 


1 (i 

. 

1 

1,1 

2 


— 

1 


i 

1 

[j: 

1_ 


P« 

1 I. 

2 

1 

1 


1 \2 

1 

Li 

9 


Thus of tho 7- thcorotioal components of Ha those marked 
1, 2, 4 form a pd- multiplot 

5, 0 ... .s})- ,., 

3, 7 ... jM- 

* 8aha and Banorjoo, Za, f, Pliya., 68,704,1031. 

F 46 


• s , 
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Tlie relative intensities in miy nuiltiplet are given by the 
numbers within each small square. Thus for tlie three ^Ljrf-lines 

nceordiiig to the Ornsteiii-Dorgelo* rule (vide infra). 

But we cannot form any precise estimate of the intensity of any 
line unless the relative values of the intensities of each nuiltiplet 
are known. Tlieso have been calculated in recent years with the 
aid of quantum mechanics. The units of intensities in the three 
multiplots are to each other as 

2p—M \ 2s-Sp j 2p“-35 
1 : 1*04 : *09 

This enables us to calculate the relative intensities of the 
various separable components as shown in the table below* 


Table IS. 



! 

Line, 

■ Line in 
imiltiplot. 

I Intensity. 


Chief red comp on out 

la 

1 

9x1 

1 _ 

9 

Cliief violet (mmpo- 
nent. 

lift 

4+5 

5+2 (1'04) 

1 ^ 

7-()8 


Illft 

1 6-}-7 

l(P04)+lx:09 

=: 

ri3 


Ilrt 

2 

.1 


1 


Ilia 

' 

■2X-09 


•18 


Most investigators, contory to the above calculations, have found 
the violet component of Ha to be stronger than the red component. 
Otherwise the presoiico and intensity of Illi is well-accounted for. 
Ila and IIlVi are too close to each other to be distingiiislied. 

Eecently this problem was investigated by Keussler in abflori)- 
tion. He finds that the red component is more sti'ongiy absorbed 
than the violet ooniponent, and the ratio between tlie absorption 
coefRoients is 76, whereas theory requires 7^06/9^78. The 
appai’ent weakening of the red component in emission appears to 
be due to self-absorption. 

* Ornstein and Liiideuiaii, Zs. f Phys,, 67,1, 1931. 
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The Th'^ - line % 4686.—Wo shall now disnnsH tho iutciivsitios of 
the components of the He'^ line X 4:38(). '1^'liesc form five multi- 
plots as sketched in the followiii^jc diagram, and their relative intensi¬ 
ties are shown below* 

Table 14.—Intendiy of Ile'^ % 4686. 


d f! h a 



'rhe units of mtcnsitio>s in the difForont nudtiplets arc : 

3ir/'-4/ j ; 3p“-4s 

1 : ^85 : I'll ; '025 s ‘225 


So the iutensiticB of the componouts are as follows \ 


la 

...IX 

20 

»*«20 

II }> 

. . . IX 

14 + *86 X9 

“21-66 

lllc 

. . . '86 X 

6 +riix2 

00 

i 

lb 

* • • * * 

• » • * « 

“** 1 

le , 

. . . » X 

•025 

« ‘226 

lie . 

, . . IX 

•026+IX'86 

*=» '876 

Ilrf . 

. . . f) X 

•026+2 X-226 

« *676 

lllrf , 

, ... . IX 

•226+ni 

« rs.86 


Those calculations are given in column 4, 5 of Tabic 8# The 
results are in very good agreement with observed values* 
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180. The Fine Structure of Hydrogen Lines.— Accoi’ding 
to Mio special theory of relativity, the kinetic energy of a particle is given by 

T = [ uhp ■ ’ } = J. 

Hon CO title total onorp^y W of the electron ih 

r 1 1 e^Z 

= . . . 05:^) 

For aimpllficntion* lot u8 use E — IV + Then 

. 

, 1 7? + e^Zfr 

.vhence ;7^ = . 

Again, we have p^, ^ 7m\ *== mr^O .(34) 

Hence 

\ml \mrl 

«' I”- I - sb[""' + ^r] ■ • ■ <»® 

The quantity m in this formula is tiuu'olativity innsa « mo/W—j3X 
Hence we have from (35) 

r^.-'+ST.4 

From (820t and the last expression, we obtain 

J5 + = 1+ -!■„ z'„,,2+ ^ \ 

\ r } mo^ ^*2 ) 

•or + ^ ^-_ ,„, 2 e 2 .... ( 30 ) 

Lot us now introduce the quantum conditions 

^ Vo d0 « hh, ^ py ily ^ n^h ... . (37) 

The first reduceB to «» M/2n, Substituting this value of po 
in (tS6), wo obtain 

o /j n 

V,.^ = .J + ^+^.. (.38) 

where A B %. C “ - (/c2-a^;?*) (39) 
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wlun’« a irt tlio (toiiatunt ^Kc'^lah (8ominorfold^s lino-stnK'ture (joristant), 
From tlio at^cond qiiimlinm oondition, wo hiiv(^ 




//,. fir ^ n*h 




§ y.'+f'V - «■* 


The iutegnitiou can be ed'cclxKl by tln^ nudhod nf r(‘si(lnGij. We 
obtain: 

n'h » 

Subatiliutiiij*: thci viiluoa of H 6\ we obtain 

. 

I<\oin tliU» we obtain, after aonie work, 

K-»v< 

We find, aa a firat approximation, l.hiit 

w ^ ~ i _ '^Kh noe^/A 

* (»/+/,;)2 (n' + lc)ilii • • • • • («il') 

»iH obtaiiiHtl In tho siinplo titoory, 

I jflt ii« now onrry out tho hoooiuI iiituroxiumtion. Wo notion tlnit 

n> + “ (w/ H- <;) ^ I. - 

, + S^j 

+ .... (42) 

This is of tho form (I» where is of tho first order, 
y is of the second order, Wo liave tlion 

P*“-4Y 

^^ivoH U8 the exproHaion (^d^. 

The second order term is 

arts Rha^Z^/ii 3\ 

which is the second order U^rm In ('28). 


and 

and 
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Hence we luivc 

Trr 27Chnfie^Z^ Uha^Z^ln 3\ /07/,^ 

This exi^ression has been quoted on ]:)nge B45 and is suitable foi' 
practical use, as shown in §176. 

181, Orientation of the Kepler-Orbits.*—In §174, it was 
supposed tliat the motion of the electron was confined to one parti¬ 
cular plane (r, 6). Tliis condition 
is unnecessary. We can suppose 
that the co-ordinates of the 
electron are (?’, 0^ qp) as shown in 
Fig. 17. AICA' is the orbit of tlic 
^ electron, OP the external axis. 

Q, denotes the position of tlio- 
electron in the orbit at any time. 
It has the declination angle jt/2 ^ Oy 
and the right ascension cp. OiST 

__^ is the normal to the orbit of tlie 

^ ., , . , . electron, is the tilt 

(n 0, diagram. of tlie Orbit to the equatorial 

plane E'KE, Then wo have 

T *=> i 7)1 gill 2 ^ M) jr ^ ) 



'f ^ i 7)1 (r2^7‘2^2_|-^»2 gill 2 ^ V ^ 

^nir, ^ sin2^qj^ 

T can also be written in terms of theys as 

1 r „ . ■ 


.27)1 U r ^ r2 ^ sin 2 0 J ‘ 


.27)1 U r r2 ?'2 aiaS! $ 

It is also clear that 

i\Prr + Po ^ + * 

The quantuni-conditioiis are 


= li^hy ( 

« 

•S 

11 


1 

) V < j , “ hh 

7 ‘ from , , 


to 

»‘inBx ftnd back , 

(p from , 

..0 

to 

2 n 

6 from ,, 

• • ^min ( PA ) 

to 

^nmx ( PA ') and back , 


* See A. Sommerfelcl, Aioinhau tmd Speidrallmm {J024), Olinp, 2,. 
p. 139. ^ . , / 
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AVe ihm hco thufc in place of /u, wo hayo /*;i ninl It can he shown 

that- 

h ^ h\ , . , ♦ , , , , , (Bl) 

To H (!0 this, l(ii us supix)S(3 that the uctiial oi’hil is in tlio pluno OA 
whicli makes an aii^ki of a with the equatorial piano. Then we can refer 
the motion of the i3le(ttroii to r and whore \\i repr(‘sents tlie an^lo 
liosorihed by tiu3 radius vocjtor in th(3 plane ()AA^ Now wo have 

(j) . 


Now since T ^ i (/^ ^ -h ^p) «=* i {pj, H- p^ 'i(0» 

wo (5Un put Pti, ^ Pfl d Ptp 'P ] 



th(^ limits being defined as hofom 


Now p^ is the whole mo men tu in in the orbital piano, anti p^ its com¬ 
ponent in the equatorial plane. Their YotJtqrs aro porpoiidioular to ON 
and OP respectively, AVe have tliorefore: 



p^ - COS a, 

ia»-PON 


ov fi'oin (3B), , 

k ^ k] + /i’2) 

k^ ^ k cos ct 


TIuih 

ko 

ki -h k^ ^ k « . . 

, . . (iU) 


Those mathematical conBiderations show tlnit the orbits (Cannot bo 
orientated at ruiulom, but only at tlefmite angles given by cos-i k%l[k\'^k^) 
to tlio oxtonial axis, When k is given, k^ can Imve all integral valuos 
liolow ky Z.c,, ky . 0 , . -. —k Henctj a is givtm by 

cos"* I 0, 008“* ** ‘ (“"1) 


as shown in Fig. Via for k^ I, h 2 and k «=» H, 





Vl^i ildt Till' Di'lviHallon of (C<;j)1cr-od)l(d> 

The energy of tho orbit of course remains unchanged. Strictly spoaking 
the o]I)its AKA/ and ISKE' In Fig* 17, and the others shown in Pig. 17^5^ 
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should be con focal ellipses with the external orbit passing? tlirougli their 
common focus. But this does not alter our argunionts given above. 
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CHAPTER VIII 


SPECTRA OP THE ALKALI METALS-^THE DOUBLET 

SPECTRUM 

182. General Description.—Kpxt fco hydrogen^ tho spectra 
of the alkali atoms ai*o tho simplest in structure. It 1ms been foimd 
that amongst themselves they show a strong family likenesfi* Hence it 
will sufTice to describe only tho spectrum of sodium whoso structure 
will bo clear from the photograph shown in Pig. 1, Plato VI. 

An oxaminniiion of (iho photograph shows that a largo luimbor of 
lino.s in this spectrum occurs in pairs. Hartley showed in 1890 that tho- 
wavG-number clifferGuce botwoou tho two linos of a doublet is constant, 

17 in the cnao of Nn, This is also a cliarnctoristio foaturo of tho other 
alkali metals and of many other olomonts; gonorully tliis constant 
frequency clifTeroiicG incronses roughly as the square of tho atomic number. 

Piirthor scrutiny of t)m spectrum of sodium shows that the doublets 
arc alternately sharp mA diffuse. They can thoroforobe separated into two 
groups as shown in Pig. 1 under tho heading shaip and diffuse. As a 
first stop towards tho analysis of tho spectrum^ Rydberg separated the two 
groups, sharp and diifuso, as shown in Tablo 1 on the next page. 

Noxt, tho frequencies of tho longer member of oach pair in the 
two sets wore ])lottcd against successive iutogral numberS) boginning 
from as shown in Pig. % It was found that both tho sharp and 
diffuse sots tend to come to tho same limit. 

Prom tho form of tlm curve, Rydberg suggostod that the linos 
of the sharp series may bo represented rouglily by a modiftod Balmor 
formula 

V. ~ , V, - /I, - ..... (1> 

wliei'O n is 6ho running intcgrnl iiuinbor, vu,, 3, 4,.find s is a 

fraction which was found to bo roughly 0'643 for sodium, and tho 
constants wore found to have the values 

Ai “> 24476’OB, yla >=> 24492*83, At ~ <=■ .17*18. 
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'lahle 1.—Sharp and Diffuse Dines of Sodium. 


n 

V 

Sharp Series | 

1 

Av 

V 

Diffuse series 

AV 

2 

87Ge-.8 

878.5-1 

16-8 

12199-6 

216-6 

171 

1 

16227*4 

16244-6 

17-1 

17676-3 

692-6 

17-2 

4 

19398-3 

19416-6 

17*2 

20063-2 i 
20080-3 

17-1 

5 

21038-4 

21066-6 

17-2 

21413-7 

21430-9 

17-2 

6 

31995-0 

22012-2 

17-2 

22227-1 

22244-2 

17*1 

7 

22601-3 

22618-4 

17-2 

22764-8 

:82771-9 

17-1 

8 

23009-0 

23027-1 

17-6 

23118-7 
23136-3 i 

16-6 

9 

23300-3 

23317-1 

16-8 

23377-0 1 
23394-0 

17-0 


This formula may be regaitled as a generalization of Balmer's 
formula for hydrogen. Rydbei-g showed that R has approximately 
the sarno value in both oases, m., 109678 cm." ‘ 

The lines of the diffuse series are represented by an analogous 
formula:— 

~ . ( 2 ) 

where Ai, A 2 have tJie same values as in the case of slmi'p series, 
d is anothoi’ fraction whose value is 0*998 for sodium. 

These two series include most of the lines, but a group of sti’ong 
lines including the sti’ongcst lines Di, Dj and the lines h 3303, 2862 
are found not to be included in tlie above formulce as shown in Fig.' 1 
though the frequency difference of the two D-lines is just 17. For 
tlm other lines, Av progressively diminishes. These lines ax’e taken 
in a later section. 

The Rydbeft'g-Schuster Tjaiv, —^For every other alkaline element, 
the characteristic lines can be grouped into sharp and diffuse series 
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Tho (I'-n) diagram for ffodinm. 


as in tho case of Na, but Av inoreasos with the atomic miinber. Wo 
hnvo in fact foi* 

Li Na IC Rb Cs 

Av = 3 17'3 677 287T) TiBi’O 

For lithium Av is so small that the lines appear single unless 
high resolving power bo need. In lithium also, wo have, besides 
tho series of sharp and difl’uso linos, a strong group of Unoa 
including tho strongest lino \ 0708 whioU could not bo classified. But 
Rydberg and Schuster observed that if in tho formula for sharp 
sorios* for Li 


28C0:L'1 “ 


109721'6 


^ {n-\-sy («,-K5961) 

wo give to n tho value 1, wo got a froquonoy 

V - « 28601*1 - 43380 - 

Tho inverse of this frequency is 

X-jI^A-OTOOA. 


* For Li A « 28601 'l,s - -BOBl, d - Wd. 


, “ft 2, 3 I • 

- 14779 , . ( 8 ) 
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Allowing for the rougliiiesa of the formula used, Rydberg and 
Schuster felt convinced that 'the principal line of litliium X 6708 
formed the negative member of the sharp sm-m, 

” X6708 “ “ (l+s)” . 

We may now invert' the formula, and regai’d X 6708 as the 
leading member of a new series 

_ R M 

~ (H-s)=> (n-^pr ’ '. . ' 

where is SO chosen that i2/(2+^;)^ == 28601, the convergence limit 
of the sliarp and diffuse series, p is found to have the value —*04244 
The otlier members of this series are obtained if we give to 7i the 

values 3, 4, 6, 6,. They give us approximately the lines 

which are not included in the sharp or diffuse series, X 3282, 

2741 .. which form a new series, Q?his is known as the 

Principal 8mes for reasons stated later. 


IBS, The Families of Terms in the Alkali Spectrum*— 

Summarising the result in the case of litliium, we find that tlie 
oscillation number of each line can be regarded as in the case of 
hydrogen as the difference between two terms 

.( 6 ) 

Tlie terms can bo represented approximately by the general 
tyiiG of, formula 

r«72/(n+(p)^ 


whore R is the Rydberg number, <p is a fraction characteristic of the 
series and the element, and n is tlie running integral number, which 
starts with 1, 2 or 3 and can take up all successive integral values. 
For an alkali element, wedinve a number of characteristic values of 
<p, giving us different families of terms, For Litliium, we have the 
families 


ns 

R 

R 

re=l, 2, 3,. J 

(»+«)“ 

“ («+'6961)‘^’ 

np — 

R 

R 

«*=2, 3, 4,. 0 

{n-\-pY 

'(«-*0404)^’ 

ml ^ 

R 

R 

«=3, 4, 6. j 


(?j--0026)*’ 


(6) 
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Tho formulfo are only approxiinato. iror better representation, 
a Hicks or Eita type of formula {vide infra) involving more constants 
is preferable. 

Eollowing Paschen, it is usual to denote a term by the symbol 
7ix. Thus denotes the fourth member of the p-series which is 
approximately represented by 

It is clear that in the case of alkalies l.s is the biggest term. 
The prineipal series is represented for lithium by 


V = Is-np 


It 


(l+s)** 

where s => ‘5951, p——‘0404 
The sharp series is represented by 

It 


V = 2p-m 


(2+p)= 


It 


It 


»-2,3, . . (7) 


e 2, 3, . . (8) 


The diffuse scries is represented by 

V - 2y_»J _..-3,4, . . (B) 

In the case of the other alkali elements the same laws hold good, 
only the p-terms are double, i.e,, we have two close seta of terms 


E 


It 


hi+pi)^ (n"h2hy 

which are represented by the symbols n2)iy It is tho diltoreiice 


= 7? r 


Av =: i? 


li^+Ptr 


__ 


( 10 ) 


which give the specto their characteristic doublet appearance^ 
Lithium is also no exception, tho ^Mcrnis m'O double, but Av is very 
small being equal to 3. Henco it was neglected in the prcliminai’y 
discussions. Closer investigations showed that tlie d-terms ai^e 
also double, but the difference is small except in tho case of tlie 
heaviest olements. For Cs, 3rf*=^98, for Eb it is 8*0 (for -4^), 
und for K, tlic difference is 274. 


It has already been mentioned that the formula used for representing 
a family of terms, say 7i8 . is only approximate. For 

acournto representation, many other typos of formula involving a larger 
number of constants aro used* 

Before the reader can fully grasp this point, Jio should have a good 
acquaintmice with the methods used for calculating the absolute values of 




3()() 


[vm 


SP^^CTRA OF THB! ALKALI METALS 


torma, For defcails* A, FowWa Report on Series in Line Spcetra 
(Chapter V) should be consulted, but some rough ideas o£ the procedure 
may bo given here. 

It is clear from the series representations, that if we can fix up fclio value 
of of the atomic spectrum accurately, the correct values of 

the other terms can be easily found. For example, in the Sharp Series we 
have 

V for a line 2 pi —ns or 2p2 —ns. 

So if we know cither 2pi or 2p2 correctly, we obtain 


ns « 2pu2 - V 


Hence from the value of the wavelengths of the members of the sharp 
series, the absolute value of all ns terms can be calculated. Similarly, if 
we can trace the successive members of the diffuse series, tlie ^irf-tcrms also 
can be obtained. 

Convergence its now seo how the absolute values of 

2p\ or 2 p 2 or any other term can bo accurately calculated. It is easy to see 
that this can he done the more acciiraiclyy the larger is the oiumber of series 
lines Imoion, Suppose, we can trace tho 2p—ns series up of Na to tho 
line, Tlion we have for 

V =* 2px^i28 - 23797; 2px « v+125 


PIoilCG 


B 109678 
(12+5)2 (i2+‘65)2 

2pi - 23797+679 « 24476, 


679 


A slight error in tho value of s does not change the value of 12,9 
materially, as it is added to a large integral number. Hence the value of 
12 s as given above may be taken to be nearly correct. ^ ^Ms obtained from 
a preliminary Rydberg representation, and may bo improved by successive 
approximations, 

In most of the alkali elements the term-values were calculated with tho 
greatest accuracy by 8, Dattawho measured tho wavelengths of the sharp 
and diffuse scries to a large number of members. But this is not possible 
in most other elements. In such cases the absolute values of terms are 
to be calculated from a few sequences, and are liable to largo errors. 

Represmiaiion of We have mentioned that the Bydberg formula 

represents the terms of a family only roughly. AVe give below a few of the 
numerous other more accurate formulro used. 


(a) Bit?! used formula) of typo 


T 


R 


(«+a+^) 


and certain other variants of this formula. 


(11) 
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(b) Hicks-Mogendorff: 


r 


n 


(»+“+ 4 )' 


■ ( 12 ) 


(<j) Powlor and Roynold.s: 


(»+«+1-I- 


(13) 


i>A comploto account will bo found in Powlor’s I^poH on Snrm in TAm 
Spectra, Chap. V. 


184. The Bohr-diagram of Optical Levels of Alkali Ele¬ 
ments.—Bohr represented the levels of alkali atoms by a diagram 
which has become iudispoiisiiblo for a proper lUKlorstanding of the 
quantum theories of speotml linos. This is .shown below in Fig. 3. 



Noth.-— The upponnost horizontal lino contains tiio family of 
.v-torins, bogiuning with n»l. The next two contain tlio families of two 
7 )«torms. Horn «... bogina witli 2, Tlio fourth horizontal lino contains 
tho d-teriiiH beginning with «<w3. Tliia ought to bo shown double, The 
lowest lino contains a frosh sot of torjns, cnllod fundamental tmns. Tlioi’O 
is Ijowovor jiothing fundamontal about thoin and tho notation Is a misno¬ 
mer. These terms wore inforretl from the existouce of h set of linos in the 
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infrared discovered by Rimge and Bergmann in the spectra of alkalr 
elements ; they can be represented by the series formula 

72 72 m A j. 

^ “ WFdj^ 

where /* is a very small fraction^ 

The symbols to the left of the figure are due to PasoliGii, Russell- 
Saunders, and Bohr. Paschen's notation has been already explained. 
The other symbols will bo explained in due course. 

The abscissa represent log v and has been drawn to represent the 
levels of sodium. The diagonal lines represent observed combinations. 
It should be noted that ^-terms combine with ^-terms, but not with another 
s or f/-terms , . . . , ;>terms combine with s or rf-terms, but not with;; or 
/-terms, 

185, Importance of the Principal Series*—^The lines form¬ 
ing the principal scries are not only more intense than lines 
belonging to the sharp and diffuse groups, but they possess another 
characteristic property which distinguishes them from the lines of 
other groups. When an absorption spectriun is talcen through the 
vapour of the element, it is only the lines belonging to the principal 
series which come out as absorption lines. No linos belonging to the 
sharp or diffuse series occur in absorption. 

This was demonstrated in a large number of experiments 
caiTied out by R. W. Wood*, Bevanf* and S. Dattat and others. 

In these exi)oriments, the metal is contained in a steel tube of 
about a meter in length which is closed at the two ends by quai’to 
plates. The ends are watercooled, and the body of the tube is heated 
electrically by wires wrapped round it on asbestos sheets. Tlxo 
pressime is maintained at a few mins, of merciuy, and can be varied 
at will by varying the temperature of the heating coils. A source 
of continuous light (e.^., an arc fed with boron oxide, or uranium 
oxide, or a water spark) is rendered pai’allel by means of a lens and 
allowed to traverse the column of vapour and received on the slit of 
a quartz-spectrograph. The resulting spectrum appears as shown in 
Fig. 4, Plate VI. 

Only the principal lines are absorbed, but none of the sharp' 
or diffuse lines. 


^ R. W. Wood, Aslr. Joiiu 97,1909; R. W. Wood and R. Portrat,. 
«. 4^ 73, 1916. 

f Bevan, Froc, Boy, Soc, A, 86, 58, 1911. 
t S. Dalta, Proe, Hoy* 8oc, 101, 542, 1922. 
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186. Explanation of the Ionisation Potential of Alkali. 
Elements. —Bohr liad shown how to intorprot those isisults witli tho 
aid of (luantnm inoclimuos. An alkali clomont iiko Na ooinos after an 
inert gas, Neon in thisicasc, Those elements further possess the valenoy 
unity, and can easily lose one electron and iicquirti a not positive 
charge. ,T<’roin tliosc foaturos, it is supposed that tho electrons are dis¬ 
tributed about the nucleus as shown in the following dingrams 



'J?lius tho coi'o of Na consists of a micleiis of charge .11, sur¬ 
rounded by two .shells of electrons consisting of 2 and 8 electrons 
respectively. The eleventh electron is at an outer orbit, at a inuoli 
greater distance. "I'his electron, by its motion is supimsed to give 
rise to tho families of terms discussed in §183. 

It is ol(!ar that tho dynamical pi*oblcin of working out tho motion 
of tln.4 electron in the field of the core is an extremely diiHoult task,, 
and it has not ytd boon rigorously solved. But tho diagram gives us 
a picture of tho various stationary states. It is clear that - h (1.9) 
is tlie (mergy of tlie ehic.tron in it.s innermost possible orbit, when 
tile atom is uuoxcite-d, just as —h, if/l* is found to bo the energy of 
tho normal H-atoui. Whom the olectron lscxcitediitpassestothe- 
higlmr families of orbits sketched in 1%. 6. 

P, -17 
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We oan find out as in Oliap. XIII, the iomsation-potential of the 
normal sodium atom. We have 

Is - 41440 - 612 volts 


if to the valency electron of the sodium atom, wo can add an 
nmount of energy corresponding to 612 electron-volts, the electron 
will ]Dass to infinity, the atom will be ionised. 

The ionisation of sodium can be effected either by electron 
bombardment {vide chap. XIII) or by light when photons possessing 
an energy content hv where v>convergence frequency of the ^^-series 
is allowed to pass through the vapour. The quanta of light release 
the valency electron by photoelectric action. We get 

Na + Av - + e.(14) 


The electron is released with the energy h (v-Vo)* 

This gives rise to continuous absorption beginning at the 
end of the j5-series, and was obtained by several investigators, 
The absorption is maximum at v == Vo and gradually becomes 
fainter. 

It is clear that normally all sodium atoms arc in the l.v-state ; 
when the temperature is raised, some will pass to the higher states, 
their proportion is given by the Maxwell-formula 


N ^ Nee 

Ou 



(Ifi) 


where e enorgy-clifferonoo between the two stntes, gi nncl go are 
weight factors {vide infra). We have j/o^Sfor the normal orbit 

For {2,)2) firi ■= 2, for »P^. (2pi) gi = 4. 

For the'2pi-state of Na, e = - /»(2pi), so that for the excitation 
from normal to 2,3i-state, e =/i [(ls)-(2?)i)], ie., corresponds to 
% 6890 = 2*096 volts = 48*33 k. cal. Also go = < 7 i = 2. 

„ ,N 48*33 X10" 24*34X10" 

Hence In r ““ T 

Therefore, at a temperature of 600°, only e''*"'" or 2*3X10"''* frac¬ 
tion of Na-atom is in the 2,3'State. 

Hence wlien continuous light passes through'Na-vapour, only such 
pulses are absorbed which can raise the electTOn from the Is to any 
allowed higher orbit. Hence only Is-np lines, or lines forming the 
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IH’incipal series are absorbed. As fctio luiinbor of atoms in the 2 ?>. 
state is negligible, no or 22)-* nd linos are absorbed. But if 

y be sufiiciontly raised, say to 2000 °K, and wo can 

expect absorption of 2jt;-726' and 22 ^— nd lines, The absorption of 
2p ^ nd**liiiQs of sodium was first observed by N. K* Suv and 
R, N, Ghosh * 

Wq shall now discuss how tlio motion of the electron gives rise 
to (lifforent families of terms. Tlic ox]Dlaiiatiou was first given by 
SommerfoIcL 


187, Sommerfeld's Interpretation of Families of Terms,— 

Wo have seen in Cha|). VII that the motion of the electron is char- 
actorised in the case of hydrogen by two quantum munbera n and kr 
Soniinorfeld showed that terms belonging to a certain family are 
characterised by the same value of k 


Thus for tho s « family , k ^ I 

... p - ... , k ^2 

d - 3 

f - ... , t 4 


, • OtCi- 


e,g„ tho torm t)j!> gives the energy o£ tlio bsj-orbit, Id gives the 
energy of tlio 7 3 -orbit, etc. 


Se/ed'ion Pmioiple, —^l?o explain the observed combinntion.s aticl 
absence of other po.ssible coinbinatioiiH Soiniuorfold proposed the 
' rule, that iohon onea the eleatron in in an cxciied oririt, it mn pass 
by emission of radiation only to nnolt orbits for which or 

the aximuthal qmntiun number changes by unity. Changes emres- 
ponding to Ah’^0,-jc3 arc forhidden. Thus for tho 

principal scries Is—np, Ah “>— 1 , {Ic « 2 to A: = 1 ) 
diffuse ... 2p-~nd, Ah “= —1, Ot => 3 to /c => 2) 

.sharp ... 2p-~m, Ah => + 1 , (ifc =» 1 to A ■=■ 2 ) 

Generally the lines arising from tho transition A/f“ — l are 
stronger than those arising from A/f-sal. 

The principle explains tho nbsoneo of combinations like Is-fw 
orl.s'- «r/. In tho first onso A/r^O, ill tho second case Afi:“ 2 . 

Forbidden Lines, —It is however found that lines corresponding to 
A/i '”'0 or ±2 occur feebly under special oircuinstancos, e,g., when 

* N. K, Sur and R. N. Ghosh, P/«7. J%., 49, (iO, 1026. 
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tlid emitting centres are in a strong c, s, field, One example 
of occiiiTence of Is —ml lines may be found in S, Datta^s absorption- 
ex])eriraents, Snch lines are said to be due to forbidden tniimlwns. 

Though the selection principle was introduced iis an em|)irtc4il 
measure to exx}lain observed facts, it later on received theoretical 
justification from the correspondence princi])lc (vide infra), 

188. The Doubling of the 'Levels. —^Though SommerfekVs 
theory successfully accounts for the occiirrenoe of difforont fnniilies 
of terms, it gives no explanation of the doubling of the ^^-lovcls 
which imparts to alkali spectra their chief characteristic foaturo. 
As mentioned before — 2/^2 increases with the atomic weight 

as can be seen from curve in Fig* 7, in which Av-values are plotted 
as the ordinates and the corresponding atomic numbers along th(} 
abscissa. The appearance of the principal lines 1,9-2 ^)2 


600 

600 

400 

300 

200 

100 


^ 10 20 30 40 50 60 

Atomic Number 

Klg^. 7, Variation of doublet ecpovntlon wUh alojnlo nuinbor. 

in absorption for alkali elements Li, Na, K, Rb, Cs is shown in the 
photograph in Mg. 8, Plate VII. The black lines ni-e the absorption 
lines, while the bright lines ai-e clue to the soiu'co. It will be uoticjccl 
that the separation between two absorption lines of each element 
strildngly increases as we pass froin-Li to Cs, le,, with increasing 
atomic weight. 

The other p-torms are also double, but the dilforonoc 

goes ou decreasing on account of increasing values of it, Ifor the 
second member X 3303 of the p-series of Na, Av=6'49, for the tliml 
member I 2852, Av=.2'49. 
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Similarly^ it has boon found that th(‘ ft nnd /-l(ivols av(^ also 


<lonble, blit tlio sciJimitioiis 
Af arc extremely anuill, 
and become apuarent only In 
the case of Rb and Ca. If or 
Cs, Af?=97'9. But the combi- 


Tahh 2 . 

1 

-/>> '■ip 2 

MI(i7a*J5 20220*:i 

nations between the p and 
rf“terms are somewhat pecu¬ 

n,i i 

loaoTvi 

2805*2 X 

liar. We do not g(»t four linos, 


I 

but three, as shown below for 

10005*0 

! 2707-a 8H2ri3 

Os, An explanation of this 

-.—. . . 

1 


■fact will b(^ j?ivon in Omp, X* 

Summarising, wo may say tliat towns of ovcny family oxco])ting 
blio N is dcniblo, and this foaturo has not yet bo(m acooimtod for {vide 
(Jliup. X)* It is usual to distinguish tlio two towns by attaching nume¬ 
rical subscripts to tliom as in (pi <P 2 \ This is the old notation 
followed by irowler and Paschon. Similar notation is also used to dis¬ 
tinguish between the two comiioneuts of tlio d and /^scries of towns, 
AVheu wo consider spectra of more coinplox olomeiitH, wo shall so(i 
that the splitting of terms still further incri^ases, l^'lius in calcium 
and other two-valonco clomonts, (inch d and /4evol is triple and is 
denoted by (pu pn)i (dx, r/i|), etc. {vidr further Oluip. IX), 

'riic doubling of the 2>i dy /Novels in alkali spectra is somotinies 
known a>s the Viodieily Vhmtomenon* 

189t Spectra of other Elements*— Wv. haviiseim that the alkali 
nudals which ar(‘ similar in tlioir (’■Iiemical properties possess similar 
sp(‘cti'a. This (JorwiHpoudeiuu? bofcwomi choniical properties, and 
spectra is found to goiK'ral. ICIeimmts belonging to the same 
group in the periodic clussification possoss similar spoctra. Thus 
Be, Mg, Zu, Cd and Hg and to a certain extimt Ca, Br and Ba wliich 
nw^ all dmtleui and posH(?ss similar properties are foiiiid to possess 
very Hiinilar speadra, as dcHiualKul in Chap. fX, iSimilavly elements of 
tlu^ third grouL)} comprising B, A I, (la and In which are invalmty 
show quite Himilnr spectra. 


ICnKMMN'I’S 

Si 


POSHKHHIKIl A f,KAfil-IU ICI-J Sp|‘J<)TUA—IOKITAXIUOU 
»KnTI{A OK AucAIAXH KaUTH Kr.K.NII'JXTS 


Bofove taking the general laisi* of spectra of eloinents, wo Hhull 
give a brief descrijitiou of certain speoti^a which are remarkably 
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similar to the spectra of alkali metals. Those arc the " MnlinuGOiT 
Spectra” of alkaline earth olemonts which woi'c first intensively 
studied by the asti'ouoinor Sir Norman Lockyer. 

Long before the discovery of the electron, Lockyer, guided by 
his experience of the spectra of different classes of stars, had put 
forward a hj’pothcsis that the nature, of the spectrum of an clemeMt 
was not mrnrifihle, hut vaned with the stimulus. To make matters 
clear, lot us take the spectrum of calcium in the flame, the arc, and 
the spark as shown in Kg. 9, Plate VII. In the flame, the excita¬ 
tion is lowest, in the arc it may be said to bo average and it is- 
highest in the siiark. The excitation may bo rendered still higher by 
putting a number of condensers in parallel with tho spark (method 
of condensed discharge) which enables more electrons to pass through 
the gas and break it up thoroughly. Lockyer found that certain 
lines of calcium are peculiarly sensitive to excitation. In the flame 
the strongest lino is tlic ( 7 -line of Kminhofer 1 4227, while two other 
characteristic lines, ivk. — the H, % 3968 and the K, ^,3934 are rather- 
faint. With increase of stimulus, the H and If! lino arc relatively 
more intensified than tlio g. In the arc, they are almost oiiual in 
strength, while in the spark the H and tho K are much more intense 
than tho (/-line. The linos of calcium can be divided into two groups- 
—one set of lines .showing a behaviour similar to that of tho ff-linc; 
they arc known as the are lines, Tho second set gets intensified along 
with tho H, K-llnes, and are known as enhanced lines or spark 
lines. The phenomenon is quite general and is shown by all 
elements without exception. 

190. Systematisation of Enhanced Spectra, —Lockyer 
observed that the enhanced lines of elements become progressively 
more intensified in the hotter stars, which wore supposed to bo earlier 
in evolution, and he thought that they Avere due to some pi’unordial 
form of the element (protoelemonts). Thus the g-lino Avas ascribed to- 
ordinary calcium Avhile the H, K Avere ascribed to proto-caldum. The 
hypothesis about these prQto-oleinents Avas naturally rather vague. 

A similar behaviour is shoAvn by all divalent oloments. The real 
clue to tho change in the character of the spectrum was obtained by 
the systematisation of the enhanced spectrum, particularly that of mag¬ 
nesium Avhich Avas carried out by A. PoAvler very thoroughly. He 
shoAved that the enhanced speotrnn'i of magnesium is exactly similar 
to that of Na, i,e,, oonsi.sts of doublets Avhich can be referred to families 
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of single .y-terms, double ?J-toi'ins, double f/-iuul /-terniH i)osse.ssing 
transitions absolutely identical 'with Na. 'J'lie values are shown below. 


Table :■),—The term-vahiei^ o/'d/^/+. 


n 


Up 

ml 


1 nf 

Uif 

1 

121267*4 

Av 


AV 

... 


2 

51402*2 

f 85506*441 
\8f,597*991 

91*55 





3 

28481*2 

1 f406l6*l 1 
1 140046*6 1 

30*5 

r49777-0-i 
l49776 0l 

-^Vi) 



4 

180G9-.3 

/29798*4 \ 
t23812'6 j 

• 14*1 

27955*3 


’27467'4 


i 

12482-7 

/ 1.5086*7 ) 
115644*3 1 

7*6 

I7810’3 

i 

17577'2 

... 

6 : 

91.87*6 

. . . 


12360:5 


12204*8 

121946 

7 

6975*2 



9069*4 

1 

8965*6 

8057*6 


He further found that the sots of tei’ins can be ropi'o.sontod 
by a Rydberg series, but the Rydberg uuinber is uoav 472 instoiid 
of 72, as shown below. This is a K(?ii(!ral feature of the (uihauced 
spectra of all other divalent elements. 


m ~ 


472 


\lt 


{n -h 'lllfl)® 


^ \n-\- •0f)i)4n2:l.: 


9 


(1H) 


This la,St fact afror(l(3cl the clno to tlui (jxplnuation of (»nlaincc<l 
Hpcctra. '!l!'tioy av(3 not duo to an (^hnuonfc in th(3 ordiimvy iioiitral 
Htato, hilt iliiG to tkd ehmoiU lohich 'hioi lod ono clvotroiL Tl\n» 
inagnoBiuin i)osB 0 aH( 3 H uHUiilly 12 olootrouH of whioli two avo vnlonco 
oloctrona. If owini^ to th(3 paHwaf^ti of a Ktrorijj* diKchav^ro, one aloctron 
iH oiltircly lost, it will bo loft with 11 oloctron« of which 2d-8 ohiCtroiiB 
arc strou^^ly boinul, and only oiio electron \h l<i£t free. Tlio .structure 
becomes Hiniilar to that of Na with the difltirouce that the 
electron now mov(3S in a Held winch is duo to a central chavp:e of 13 
shielded by 10 clcotrons. The net char/j:o is thcreforo 2. Honco the 
Rydborfj; number is 4Jt ns in th(3 case of ionised lielinm. 


ISfl, Sommerfeld and Kossers Displacement Law,— 

Soninpjrfeld and Kossol* KcnoraliHed this observation, They stated 
that if an clement bo deprived by an (ilectric diHcharirc of a number 
of its outer electrons, its spectra would in Koneral be similar to that 

SominorfoUl, Aloinlmi urid Speldmllinim, Chap. (lD2d); A. 

Fowler, ftm lioip Soo. A,, 103. 418. 1928. 
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of the element preceding it in the periodic table by a miinber of 
steps equal to tlie number of electrons removed. The Rydberg nnmbcu* 
would however be Z^Jiy where Z is the net nuclear charge. 

Thus if we take the successive elements Al, Si, P and S, and pass 
such a strong discharge through them that AI is deprived of two 
electrons, Si of three electrons, P of live and S of six, wo obtain 
A1++, Si+++, P+^\ 8+"^ 

These should possess doublet spectra like the alkali cl omen ts 
witli the Rydberg numbers 

8'/?, 6^jB, etc. 

Similarly A1+ Si++, P+++, 8+^^ .. . . 

should possess spectra similar to that of Mg, Tlicsc deductions 
have all been verified, as will be apparent as we proceed further witli 
the subject. The different groups of ionised elements whicli thuB 
gives similar series spectra as the alkali elements are shown in the 
following table. 


Tnhle 4. 

Li I 

Be II 

B III 

C IV N V 

OVI 

Nal 

Mg II 

Al III 

Si IV P V 

8 VI 

K 1 

1 

Call 



j 

Rbl 

Sr 11 



1 

Csl 

Ba II 



1 

Cul 

Zn 11 

Gain 

(Gc rV) As V 

; So VI 

Agl 

Cd II 

In III 

Sn IV SI) V 

To VI 

All I 

Hgll 

T1 III 

Pb IV 

1 


The nomenclature used here to denote the state of ioniaatiou of an atoin 
is duo to Paschen, A neutral element of Na is represouted ns Na I, v'.fl., with 
the number I following it. Similarly the singly ionised atom of Na would 
be denoted on this scheme as Na II, the doubly, trebly, fourfold A. ionise.l 
atoms as Nalll, NnlV .... etc., and so on for other atoms, \ 

A collection of literature on tho important works of analysll of tlio 
alknli-like spectra up to the year 1931 will be found in Remto of\lo<krn 
Physics, 4, 317, 1932 in an artiole by R, C. Gibbs. | 

I 

192. Resonance Lines, Ionisation and Resonance listen* 
tials of Alkali Metals.— The principal lines Is-and 





RESONAI^CE LINES 
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of the alkalies are known as tho ri(»sonan(U‘ lines, beeause these arc 
the first lines to bo excited in uii eloetroii bonibardiii(nit of the atoms, 
and they come out in absorption at ordinary temperatures of the 
metal vapours, Tho two Bdinos AoHfiO and L^<Sf)(i of Na'beloni;^ to 
tins class, They can be so easily (Excited in emission or in absorp¬ 
tion, because tlioy correspond to the transition of tlie optical cloctron 
froin its normal 1.9 orbit to the n.(3Xt hififh(3r orbit Ihit ns has 

been inentionod before, 2/> is a double orbit consistinj^i' of 2;;t and 
2 p 2 y and transitions from l.s* to both thes(3 levels are allowed by selec¬ 
tion imiiidples. We there tore should ^: 5 et a pair of linos l.s'- 2 pi ,2 
in each case. The ener^^y in volts required to excite tho optical 
electron from tlio 1.9 to tln3 2/)i,2 states is called tlie Itesonancft 
pofodial of tlie olcincnt, Oorro.spondinp; to the two lines we oiif^lit 
to 4 'et two r( 3 Sonance ]K)tentials, but as tho energy difTorcnco 
2px — 2;>2 is generally very small, wci get experimentally only one 
resonance potential, winch eoiTespond.s to tlio lower one ot tho two. 

If the optical electron is given an uinonnt of energy equal to 
that of the 1.9-stato, tho cloctron h'aves the atomic .sy.steni, and the 
atom is ionised, Tho energy necessary for tins can lie caloulafced 
from tho valuo of 1.9-term with the aid of tlie relation eFs=»//v 
Avlua’c V «=* frequency of ls*-statc. This is 'known as tlie loidmlion 
paterfimL 


Tahir. 6. 


lOloment 

X 

V 

.r. 

(vol(js) 

1.9 

V 

V 

Ionisation Potonliial 

3 Li 

(1707*8 


1-84 

43480-3 

5*808 vnUs 

11. Na 

0890 

1 riHOO'Oii 

10073'3 

050-3 

2'004 

2-002 

4:1449-0 

5-n 

lOK 

7005 

7000 

• I3042'8 
12085-1. 

1-000 

1-003 

iinoon 

4-32 

j 

37 Rb 

780()-3 

7047-(i 

12816-5 

570 

1-58 

1-55 

33080 

4’15 

fin Cri i 

! 

8ri21'l 

■SiMO-r. 

11732-3 
178-3 

1-45 

1-38 

31404-0 

3'87 

20 Cii 

a247'» 

7=1 

30783-6 

non 

3-8 

(12308 

7-002 

47 Ag 

32807 

3383 

30:1:73 

30552-3 

3-702 

01090 

7-642 

70 All 

2428 

41174 

5-1 

70000 ? 

BtoO ? 


r"<I8 
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Fig. lQ,--Tho ooinploto Dolir (Uagrnrn for Na, 

The value of the ionisation potential V in volts can bo easily 
^alcnlilted from the relation eV^ Av* The student can verify 
1 volt t=: 8110 cm" ^ «=:s 12340 A. units, 

,nd tho IP. in vote - SSSVSBffiSSjMM _ 

8110 Liimting Wftvoleiigtli 

Thus the I. P. of n = ,109706/8.110 ==• 13‘54 volts. 
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BOHlt-DIAGRAM FOH SODIUM 


The resonance aucl ionlHation potentials and the resoiuuice Hues 
of alkali metals are aliown above, T]\a nu>no*-valoivt olenieiitH Cn, Ag 
and An luivo spectra similar to those of the alkalies. Their rcisonauee 
lines and excitation potentials ar(^ also given in the saiin* table 5. 

193* Bohr-diagram for Sodium* —TIk', complete Bohr diagram 
for a typical element (sodium) ol* the lirst group is slio'svn on p. 1178- 
in Fig. 10. It gives th(3 important scries lines of Na sliowing the 
transitions which give rise to them. 

The terms of the alkali spectra form a doublet .v,;/, /'..system, ?.e., 

wo have w, pu P 2 > (h* .terms, These are shown on the topmost 

horizontal lino, Separation betweoii di and f /2 terms being very small, d 
is shown us, single in the diagmin. The terms in Hussol-Saunders^ now 
notations are sliown just above the' eoiTespomling old notations. Tlie scale 
freipieney is given on the vertical line to the oxtreino right, Energy in- 
crousGS from bottom to top of this lino. The frequonoios of a family of 

terms belonging to a partieulur scries (^.//. Is, cl9.of s-serios, 

doublet scries,.,,) are shown by the. positions of short 
horizontal linos along the vortical line below each term, Thus wo see tlio 
ns-funiily of tonuH begin \vith n«»J, npu 2 terms with and so oiu 
The diagonal lines represent the various transitions, the corroaponding 
wavelengths being jntlicated on them, The linos of the sharp, cliiruao and 
principal series, can bo clearly distinguished. .For, all the linos starting 
from atV-systom and torminating in 2p\ or i^p^-hwol belong to the sharp 
Hories, linos starting from nrf-lovels and terminating in or 2 p 2 bill iu 
the dilliiso scries, others starting from np\ or ^^/yg-levola and terminating 
in lif-level belong to the principal sorios, while linos torminating in 
tlrf-loYol belong to the fundamental sorios. 

The excitation potential of linos are shown on the vortical soalo to the 
oxtromo loft. The values shown in the extromo right give 

directly the total elfecUve quantum number n for tho orbits. Thoir 
significance will ho clear lator on. 

Boolcs liccovivimdafL 

8ih‘ tlie l)uoks mentioned at the emi of CJhap. VIT, 

Son also Snrmigeselixe (hr hiniempekiren by F. PnHolien and R. Gdtze 
(192‘J), 




CHAPTER IX 

SPECTRA OP ELEMENTS OP OROUP II 


TwO-VAMNCB ELEjrfiNTS 


194. Elements of Group II. —A glance at the Periodic Tablo 
shows that group II contaius elements of which the following 

Bo Mg Zn Cd Hg 

4 12 HO 48 80 

form the odd group, and the four elements 

Cii Sr Ba Ra 
20 38 m 88 


are said to form the even-group. 

These elements are generally biviilent and on electrolysis, tlie 
atojns are found to carry two positive charges. It is therefore 
supposed that they possess two easily detachable electrons, ns is 
represented in the following diagrams (Kg. 1), 



Fig. t, Electron tIi»(rlbtitlon In two-vnlciico elcmoiitH, 

XliG inner eloetmus form an inert-gas shell, and the optical 
spectrum may be supposed to bo due to the vibration of the two 
outer electoms. When one olecti’on is knocked off, the elements 

380 
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beGOjjio iouisctl, and them tlujy (‘mil: a spectrum cmtirely dues to one 
electron, like alkalies as nliH^ady disciiss(‘d in Chap, VIII. We sljall 
not discuss tins spoctriini (sparic) in this chnpl(‘i% ' 

'l!'ho ionised s])ectra of the succeeding (dements 13, Al, Ga, In, T1 
are exactly similar in striictuiv^ to the spectra which are going to bo 
-discussed here, in accordance with Sommerfeld and Kossel^s rule. 


195, General Features of the Spectra, —In the spectra of 
all two-valence oloinents, the number o;(: lines are more niimcrous 
than in the alkalies, but the most distinctive feature is the occurrence} 
of linos in groups of three forming A ropresentativo picture 

is reproduced in Fig, 2, Plato 

Besides the triplet lines, there are other linoj^ like the liim A 4227 
of Ca which occur rather detached. These linos also belong to 
the arc-spectrum (neutral element), They arc known as forming 
the‘^Singletspectrum. 


196, The Triplet Spectrum of Magnesium,— In Table 1, the 
frequencies of lines forming the sharp and diffuse series of magneshim 
are shown, It will be apparent from an inspection of these tables that 
the two series come to the same limit, as in the analogous case of tlie 
sharp and diffuse series of alkali metals. 


Fowler slmwed that: die lines forming the sharp s(}ries wliicli are denoted 
by tlu^ symbols 

2 px - }is\ 2p2 - ns; 2p3 - m 
can bo rapre^souted as follows: 

2pi - 1397601); 2^2 - 69801*4 ; 2^3 - 69821*6 i 

ihs = R/(n +0*675125 - 0*058607/^ - 0'002655//^2 J ‘ 

where n has all integral values from 2 ojiwards. 

Similarly the difluso sennos can be reprosonted by 


Vi — 2 p\ — nd; V2 ^ 2p2 ~ nd; V 3 2^3 - nd 


whore 27 ^ 1 , have the same values as in the case of the sharp 

series and 9id is given by a Ritz+ovmuhi 


nd 


^ »H- 0-82o37i + 


li 

0’62B4l(i . 
n 


"n2 ) 



111 the case of Ca, Sr, Ba, n apparently begins with 2 for tlie d-seritjs, 
wlille for the elements of the odd scries, n begins with 6 . These large d- 
tevms are the distinctive featimis of the even-group. 


* A. Fowler and W, H. Reynolds, Froc, Roy, Soc, d, 89, 167, 1913, 
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SJ'ECTRA OF ELEMENTS OF GliOUP II 


_197. Failure of the 

„ Sharj, 1 . I Diflu’s^ 7~ Rydberg-Schuster Law.- 

Senes j | Series for han 

— - value 

2 19.826-9 f?’;' 2.S'=204-74‘5, -ivith//=3, 

' aiitl tins holds for nil olc- 

29961-2 ,,,.0 26040-9 . ^ ““'el' amiillor 

.8 30002-1 f"” 26086-6 £7 than 2?), 

300219 26106-7 ^0-1 / . 

"a Olivo soon in tlio oaso 

33979-4 32280-9 1 , , , tlie alkali inotala tlmt by 

*- “SI iSI I ?‘™ i" 

i for the shari) sovios, wo ob- 

r, I SmI f"’ SI'M'? 

3600d*2 ' ' 35117*2 K^ves the most nniJortant 

- 370r,i>7 qr-31-.i 

6 37092-3 36071-8 ' ^if’-'^onoiwe Line). It yvm tm\y 

37112 0 j .’J6o9l-6 | ^98 natural that the saiuo pi-o- 

-J....— ... 2. codnre should b<‘ tried in 

(lie present ease. If wo put //=.! iu tlio fonmila (1), wo obtain 
Ls- - 86670, and .l..s--2j02 = 46780. 

Search was made for a lino in this region for inngnesiuni, and at 
the corresponding regions for other elements. But in no oaso was 
any traoe of such a lino found. It became clear that it is doiinitely 
absent in the case of two-valence elements. A closer investigation 
of this fact led Pauli to his famous Evrelmimt Piinciplv which lias 

fimvished the most powerful key for the understanding of atomic 
physics. 


n 

Sluirp 

Series 

I 1 
_ 1 

2 

19286-0 

19.326-9 

19.348-8 

40-9 

19-9 

3 

29961-2 

30002-1 

300219 

40-9 
19-8 J 

4 

! .3.3979-4 
34020-2 
34039-8 

40-8 

19-6 

n 

35943-6 

35984-3 

36004-2 

40-7 

19-9 

0 

.37051-7 

37092-3 

37112-0 

40-6 

19-7 

1 


26046-9 

26086-6 

26106-7 

32280-9 
32322-0 i 
.32341-8 j 

I 

3.3057-1 i 

35096-7 

35117-2 

.36631-9 
36671-8 ' ' 


tlio in-esoiit case. 


198. The Diffuse Triplet in the Other Element8.-8o far 

wc have been considering Mg as a typical represeutative of two- 
valenco elements. The other elements of this group certainly show 
an analogous sTi-serics, f.e., lines belonging to the sharp series can bo 
expressed as the difference between three 27 )-tcrins mimi.s a set of m- 
terms foraiing Rydberg sequence. Tlio only point of departure is 
tha the constant differences 2p,~2p„ 2?;,-2p« go on increasing 
with the weight of the element, as the folloiving table 2 .slmws. It is 
found that Av^ i Avs^l: 2 approxiniatoly. 

The (lilTiise sei-ios of megnosium is appsrontly osiiliiiiieil by 
..semms tl,e existence of , single „rf.,eou„„cc, but n, in tlie ense 
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Table 2. 


ol' {\w- nlkiili 

lias Wm found to 
Ix^ 710/ sin^^lo, but 
triple, d'lie appa¬ 
rent singleiiesH in 
tlic case of is 
duo to small Hopa- 
ration between the 
eoniponeuts. If larg¬ 
er resolving powcT 
he used these rWevels * ivro also found h) be triple, Intliecaseof 
heavier oleineuts, the multiplicity of the //-l(‘vel is apparent from tlxi 
npimarance of the dill:uw(' liiu^s, which do not consist of three lines, 
but shows a more coinj^lex patteirn, as shown in the 
])hotograph For caloinin (I<'ig* 13, Plate VI If). 


At, \\h. 

1 

Element' 

AV| 

2p,-2pi 

AV2 I 

[ 

Riitio 

AV 1 /AV 2 

2432 

Mf? 

m) 

19*9 ! 

24(34 

•10'07 

(;a 

inr.'i) 

52’3 1 

2'02r) 

87'G3 

Hv 

3942 

I8(J'8 

2*11 

137'37 

IJIl 

878'2 

370'rj 

2*37 

G;V3B 

Zn 

388*9 

I89‘8 

2'0r)4 

112’4: 

(Jd 

11741 

541-0 

2401 

200*4 

His 

.M130'G 

I7r>7'3 

2‘(32 


Por Ca, there are thixie cluef linos, in this group v 22441, 22542 
and 22590. The first v 22441 is a(a?onipani(jd by two faint 
.satellites v 2248(3 and*22432, the second line v 22542 is accompanied 
by a .satellite v 22538, th(‘ third has no sat<41it(j. 


In the above diagram, note that tin? constant frcspiem^y (lillonaxie 
occurs in a characteristic way, not lietwtMm tli(^ chxvl' lines, hut 
hrlwfTti a Iwe and a satellile. 


'^riie combination belwcMm the 
in the following tabular frirm ;— 

Tabir :L 



I. 

-/’a 


1 2;,, 


iMldO'J) 


330887 

M" 

mtm 

(a) 

sanoo-d 

(CO. 

(3) 

(37) 




IUI> 

llBr)2'6 


(0) 

asMg'O 

(15) 

y2‘i3(i'i 

(B'G) 
M ! 
1 IB<17'() 


r T. 4 ’ 

(ft) 

! 22.14]-7 


A triplet pT-mnlliplet 
increases witii the atomic number 


p and d terms e-nii lx* r(‘pn's(Mited 

It can lx? easily verified 
tlial. any line is tlx* differon(‘,e 
l)etw(xm the 2p in tlx^ same 
coin mil and M in tlx? same I’ow, 
tlms for the first satcfilitn of the 
strongest lino, fclm fr(U]Uoncy is 

22l8(i':p-8898«’7-*:i 155283 

The existouci^ of tlu! triplet 
Jiatnr(‘ of the ** d^ terms” is tiuia 
((uite well eHtabliBhcd, The 
dillhrencesdr/" 3/, 3/ - 3r/ 
slmwn l:oj' Ch, 8r anfl 13a helowv 
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SPECTRA OF ELEMENTS OF GROUP II 


I XI 

Besides the series , , 

, 1 . Table 4. 

above mentioned, senes 

analogous to Borgmnnn 

series wore found in these 

spectra, They are clue to 

M-mf combinations, and 

the number of f-termn 

has been found to bo 

triple. Thus the triiilet 

spectrum is found to bo 

characterised by one 

single sequence of .9-ternis and sequences of triple d and /'-terins, 

199, The Inner Quantum Number,—We have Jiow to 
ex])lain why six lines arc obtained in the scheme given in 1^d)le 3 
instead of nine which are possible, It is clear that some .selection' 
principle is needed to explain the ab.senco of tliroe lines pudy pi\d\ 
Pod, For doing this, Sojnmerfeld introduc(^d the idea of 
qfmntinn nnmbe?'s'\ 

It is mmecessaiy to give a In.storical rotvospective of tiuwe 
works, it will snffico to give the final rc.su1t, fcSuppo.s(Mve d(\s<n‘il)e 
the three p^terms 

Pn P 2 Pi 

by the new notation 

Po Pi Pi, ith>Pi>Pi) 

and tlic throe tei’ms 

d" d' d 

by di el 2 da {eli>dt>eh) 

Then the table can bo rewritten as !— 

Table 5, ________ The subH(!rii)ts stiind for the 

“ inner eiuanimn number]. Tlion 

6 33988-7 the observed combinations art! ex- 

-- plained by the ritle:— 

(3) ^i+1 

3r^3 

(5) ^y-1 

that is j can chaufic by J,;] or 0. 

(9) Z\?'=“±2, ±3,.lire forbidden, 

The reader will naturally nsk, 
— how have those numbers been 

arrived at, and what is their thooi’etionl signiricance ? Tlicse jioints 



2»o '3‘P\ 

34146-7 34094- 

3d, 

(9) (B) 

11666-4 


Sd, 

(9) 

11652-6 


3d3 


11647 




3d" 


w 

u 

Ca 

11656-3 


iir)52'n 

1)6-17-0 

3-7 

6-6 


Si- 

10918-2 


10903-0 

10880-0 



14-0 

23-0 


Bn 

11334-1 


11270-0 

11211-6 



o5‘l 

67-4 
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THIS INNER QUANTUM NUMlilSR 


Bsr> 


will become olenr when we considoi* Zocmiui Effect (Ehii]). X). For 
the i)ros(‘nt, it will be iisieful to r(!inoml)er that 


?>., a term possessing a 

Po>Vi- 


Table (i. 


higher j is less in vulu(‘ 
than its compnuion with 


d\ 

32f)0r)-6 

IQ1 di 

'«*• n2814-l 

1 32432‘7 

a lower p 

li'rom a scrutiny of 

f? 

4634 

24 

28301 

28179 

27708 

obsi'rved combinations we 
can find out the inner 

h 

4010 

I0r> 

460r^_ 


28203 

27822-7 

(luantum numbers of be¬ 
longing to other families, 
'rhus for s, j 1, for f, j 



27027-7 

= 2, 3, 4 


lines of Ba is shown oppo.site. 





It can be easily verified that the observed linos satisfy the 
y-seloctlon principle given above. 


Innbk QuANXuJt NtiJinBit fob Tkiims of Ai.kat.i: EMPruN-rs. 

In Chap. VIII, §188, we referred to the duplicity phonomoiiou in 
alkali spectra. The two associated p, d and /’-terins, in this case can 
bo distinguished from each otlier by inner (luantiim numbers. We 
may describe the terins ns 


.‘>'1 Pi p-i d>i dn /.| /i etc ... 

Pi > Pi di > dn f,\ '■> /’i etc .. . 

'riiis assignment of the inner (tnnntum number explains the 


Tahlv. 7. 


'ip I 
’20'226 


55.;!: 


‘-Vi! 

:l.!)«72 


observed (ioinbiuations, «,//., in the 
spectrum of caesium wo obtain only 
three line.H in a p-d combination 
instead of four, ns shown in table 7. 

'.I'here is no lino corresponding 
to 'ipI -Adn bocausc A/'=’2. 

The above a.Msignment of inner 
(luantnm numbers for one valence 
elements is liowever not final, for, a 
study of ^eemau-effee.t has shown, that 
thesei-valucH should be uniformly decreased by half as follows: 


idi 

ngne 


21 


fWj 

bBIiri 


(IfA 

14870 


(h) 

UBlo 

( 10 ) 

JdilSO 


8, 




1). 


E, 


etc. 


'i » •■■4 ' ' ''ij > ■5 ‘.j 

It is apparent that this eliangc does not alter the arguments 
given above regarding combinations. 

F. 19 
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'L'lio itlea of innei’ quantum miiiibtu* thus iatroclucod ud hoa to 
explain observed facts, has been found to be indispensable for the 
uuderstimding of the niysteritis of intra-atonii<^ motion, as will be 
discussed in the next elmjjter. 


200, The Singlet Spectrum.—The singlet speetriini is v<!r,v 
diflieiilt to investigate as the lines stiiutl rather isolated, and there 
is no clue like constant differences which can enable one to group 
related lines. The elasslficatinu of siitglot lines therefore was an 
ai'(lnou.s affair. But it was .shoAvn that the .spectrum consists of 

in) A principal rterie.s of lines wineli euu ()e reprosmited by tlm 
formula 


US-mP 

where H, A . .,, The eaiiital lett(!r.s were tis(>d for .'titif/fidK, ami 
small letter.? for friplefs, 

liP is fiivm by n formula i>r ihr ' rUU-hipo, for magne.siimi, 
tlm prinei])nl .scries is given by 

H 

J", d, A, • I . . (d) 


ia-//P =. ({1072- 


(w-l-p) 

The finst member i.s X 2t>r)2 and tlu! following ones are X 202(i, 
1828, etc. 

'fhe singlet IS-term ha.s been found to be the largest term in 
tim si)eetva of two-valenco elomcnts. The tiorjunJ iiiuixeib'd staff! of 
the atom is tlierefore characterised by 1.8. 'I'his oouclnsion is furtlier 
corroborated by the fact that if the absorption spectra of two-\'nlenco 
elemeiifei be studied in the same way as for alkalks, it is only the 
Hue.? of the principal series of the stnglefc spec-triiin (e. //., the J?-line 
X 4227 for Oa} which occur in absorption, bmV/es a feu> othors to hr 
prescMtly dem'ihed. No other line belojiging to the siiightt sp(>otruni, 
and no Kne belonging to the triplet spectrum i,s absorbocl. v\ 
photograph of the absorption spectra of calcium vapour is reifroiluocd 
m i<ig 4, Plate VTII. The stoong ubsori)tioii Hue .seen ip this 
spectrum is the fir-line of Ca, the otlicr absorption Iim>s belonging to 
the Ib- wP-serjes are beyond the range Gu. 

(//) Besides the ?>.series the singlet .spectrum e,on.siHt,s of limw 
whioli form sharp and diffuse sorie.s : 

Sharp serie.s : 2P- pN, ;5, ,,., 

Diffuse series : 2 P-mD, 
h'-serios 


2P-P 

.'5, 

2P-« 

D, 

3D-P 

If, n^4, r,, 


otc, , , . 
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THi<: INTER-COMBINATlOl^ LINES 


as7 


Zveuimf KfjvvL —All siiifrlot liiu's slunv uonnjil ZiuMniiii 
piiitovii* whilo tho Mplitting* of triplnl lines is more eoniplox {vtdr 

Caifip. X). 

201* The Inter-'Combination Lines*— Hosuhjs the tiiph't and 
singiet lines, tli(‘rc‘ :m» found in ihc S])(»otra of all two-NNilcaiiM' 
(‘loinoiits (pertain fooblo linos wliioli do not soein to holonj^* to csitlun* 
jj:i‘oup, '^riioy hav(i Ikk'u trncod to iiitca’-ooininnation hotweon the 
Hinp;Iot and the triplet tovins, 

Thc^ moat important of tli(}S{! limn belong,* to tlio coinlnnatinii 
a list of such liiu‘s is ^ivon in Table 8 (2nd ('oluinn). 
That tlioy aviso from tln^ 18-stat(? is proved by tho fa(d that 
they can bo obtained in al)snrj)tion, l^'lnis tbo niovciiry X ‘Jolhi easily 
coni(?H out reversed in all abs()r|)tion (yxperiitnavts. It is rtaniirkablo 
that w(‘ ih> notfjot any liin? (Mirn^spondina’ to the ooinbinations 

ISo‘-2y>, I liSo....84178T)mn-b 
v.:..4(KM:0'2 3po *.. * 4(i6iKr2 
X*- 2270'S I 2po ., . . 40 (H8'H 

<‘xe<jpt under very s])ocin! conditiojis. 

Tho iibsenco of this ])OHsil)l(‘ eoinbinatiou is oxplaiiKid byassijxn- 
in^j: to tb(vIH-tcrm of t]iO;/-value 0, ami nddina: a sui)ploinont to tla^ 
selection rule for tln^ y-(|inintuni nuinlaa* 

ye«0 

is forbidden. inner qnuntnin innnbers of the siiia'h^- terms can 
then be shown to b(^ us followH i 

So, Pu 1)2, 

'riu' (iorroctness of thorn asBignnients is justillocl by tl\e 
occiuTcncMi of linos belonging to the following combination for Mg 

2pi - DDa - 3().ir)2, X 27fir)*?M ; - Hi) a 30112, X 2768T) 

Wo have no lino corresponding to 2po Wig. ''rhis shows tliat, the i 
tor the singlet rf~term is 2. 

Tho coinplf^te Bohr-diagrain for a typical twfj-valiaiec elenuints, 
vi^\y Mg is sliown in Kig. fi, p, 388. 

202« Resonance Lines^ Ionisation Potentials, etc,, of Two** 
Valence Elements. —^^riio linos 18 — 21^ and lS*~ 2 /; 5 ? .. . are known 
as the resonance lines of two-valencaj elements, because tlicy are the 
first lines to be cxcitoct in an electron bombardlnentr and they 



USo“-2??o 
for ]lg, V.- 87312*3 
X- 2({5irii 
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obtained in absorption even wiicn the temporatnro oi; the vapour is 
only barely snlficient to gtvo npin’ociablo va])Our i>ressiiro. 




Trll^ktS 

■*D3,t ^1-4,9,a 

^S, 

^p> 




p, 

A 

A 

d / 


Fjjf* 5* Tlio oomiiloto oiioi'ffy lovnl rdIioiiio for 

Tlio ionisntion-ijotontial can be cnleulatod from tlie value of IS- 
terin Avitli tlie aid of formula on page 378. ^Die roBonaiice linoH, 











§202 I RESONANCE) AND IONISATION POTENTIALS )]S\) 

tlio ros()nunco potentials jind tlio ionisutioa potentials of the two- 
vnlcneo eioiiKjnts iivo. sliowu in the follow!nji>’ table : 


Tahh 6\ 




iBo 

-2/>, 

iSo- 

-•2P 


17 

Klement 

1 

in A .U. 

in volts 

1 

in A.U. 

V 

in volts 

.1^0' 

V 

(em‘'t) 

1 

(Tonination potential 
in volts) 


J3(‘ 

d.WO 

2'7l 

(50) 

2848'7 

5-25 

7nU)p;P 

0*281 

12. 

Jig 

4o71'2 

2'70 

28r)3'l 

4-38 

51072 

7-01. 

80. 

Zn 

307fj-9 

4'01 

2i,m 

5-77 

75750-8 

0-85 

48. 

CM 

8251-0 

8-78 

2288-0 

5-89 

i 72588-8 

8-95 

SO 

Hjf 

263(Vr) 

4'80 

1849-)> 

G'67 

84178-5 

10-39 

20 

Cii 

6n72-8 

i-ss 

4920-7 

2-02 

1 

49804-8 

0-09 

:-38 

Sr 

6892’6 

1-79 

4007-3 

2-68 

4598G'r> 

5-07 

.')0 

Ba 

7011-8 

ITjfi 

5535-5 

2-23 

42029 

5-19 

88 

Ra 


,1-5 ? 


2-5 


5 to 5'5 


The intor-coinbination lines iSo nro I'aint in th(^ of 
olomonts of low atomic AV(ng‘ht, and become stroiif^c^r as we take 
the heavi(‘T elements as was limt poiiit(jd out by I)e ICrfanp:, 
Dksoiuptjon of Fhi, 6, 

The Hliaip, principal unci clifruHo terms are elasaificul into two systeinH, 
( 1 ) tl)e Hing'lot S, P, D-tonns, and ( 2 ) the triplet 2t 3» 

/2, 3, 4.terms. Thescj are shown on the topmost horizontal line, The 

Rufisel-Siumders' now notations im) sliown just above the eoiTosponcling 
old notations ol! terms. The scales of froquoncy is given on the vortical 
line to the oxtromo right. ISnergy inorciuaos from bottom to top of this 
lino. The froquonoios of a family of terms belonging to a particular sorios 

{e.f/, IB, 38 , IhS.of the singlet S-series, ?/;i, B;;i, <t;?i , ♦ . . of 

triplet ;^i-seriQs , . . ) are shown by th (3 positions of short horizontal linos 
along the vertical lino below each t(n*m. Thus wo scjo that the family of 7 is 
terms begin with ?^/)o,b2-torJUS begin with n^ 2 t and so on fm* other 
torms, The diagonal linos roprosont the dillonmt possible transitioiis, and 
tho wavelength corresponding to each Irunsition is indicated on if, Besidcjs 

* F, Paselion and P. G. Kruger, Jitn, <1 rhys,^ 8, 1010, 1031, 
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the lines boloiig'ing' to the sharp, principal, diffuse and fund amen tn I Hori{^s 
the intor-condnnnfcion linos of Mg’, X 4571, 2768*5, 2765 aro clearly soon, 

The oxcitation potentials of tlie linos are shown on tlio vortical s(!alo to 
tlio oxtn'Hie loft. 


203, Alkaline Earth-like Spectra, —According to the dis- 
placement hnv nf Somniei’feld and Kossel, as explained in § 11)0, 
there! will l)e other elemonts in the periodic table, which would omit 
tli(‘ same kind ol! series spectrfi in their singly or multiply ionistul 
States as the neutral alkaline earth atoims, These elements are shown 
in Table 9 below. A list of important works done on the analysis of 
their spectra will he foiincl in Iff views of Modem Physic.% 4, 317, 
1932 . 


Table fl 


Be r 

B If 

C! in 

NIV 

0 V 

Zn I 

Gttll 

Ge III 

As TV 

Mfri 

AITJ 

Si nr 

PIV 

S V 

C(11 

Ill II 

Sn III 

SI) IV 

i 

CaT 
Sr I 
m I, 

i 


— 

L....... 


iifr I 

1 

T111 

Pb III 




CHAPTER X 


mmAN Eij'h'Kcr]’ 

204* Connection between Phenomena of Light and 
Magnetism*— Ah Htjitecl in Cluiptor V \i. was iirst shown by lAiraday 
in 1840 timfc an intiiniifco I'.ounootion {‘xisis bniw{KMi the j)lunionunm 
oi' li^ht and ma^nctinna Kn found tliat a huarn ol' |)(>luris(^(l 
on ])u8.sinp; through u plutn of glass pljua^il laitwoon the ])oh»s <if an 
nlnotroniagiuit parallol to tlio Hold, has ils piano of polarisatinn 
turnod through an anglo proi)ortionaI to tin* 11(4(1 (h^iraday .lOlToo-l), 
Tliough this oxp(n4jnent (4(mrly ostiiblislKul (hat light and inagnotism 
nvo (doscly rolatcnl plunionKUia, a fnrtluu' iitt(!nii)t was nuuh^ by Iviiii to 
doiU(>nstrat(^ tluMioiinoction by a still mere dirca'.t (>xp(a'itnou(, o/v,, 
by putting a sour(j(M)f light witliin a. inagiuttM* fndd, and obscwving 
wludlun* th(^ natur(i of oniission (nadd he vai'iod, But no pijsiliNM^ 
njHults worn obtaiiKul. Tho mn\e (^xp(‘ri(iu*iit was p(n4'oniicd l)y 
Z(aanan in 1891) witb inurkod smau^ss. 

205* Lorentz and Larmor^s Theory of Zeeman Effect,— 

'Pho SIU 5 C 0 HS of Zatnnaids ox|)(‘riin(‘nts was largcdy dut' to tin* fa<4; 
tluifc lie wiiH guidod in his (ixporim(n)t-s along a d(4inil;o vonlo laid down 
by JI. A. Lorout/i who, almost siiunltanoously with J. Larmoi.s worknd 
out oil the dnasicial olec5(Ton thoory liow light vibrations am allnotod 
by a magnetic fhdd. A skoNi of tlnnr tlu'ovios is given bfdow: 

l'h (3 inodol of tlu^ luminous atom or oscillator was an (dcadrou 
wliich oxo(Uitad a simph* luirmonu*^ motion about a llxod (iontm of 
force. 'Pho trcaiiumcy of vibration ol' tlu^ ckudvon was talccii to bn 
idontical with tbn trcapioiu’.y t)f light nniittod. ft was sui)|M)snd that 
snoli an nlootron cojmtitutcd a luhiiatnm Mf*rt5^ian oscJliator, and 
thci Htat(^ of polarisation of the liglit 'omittial (U)uld ho obtainod by 
oxtending to* this case tlio rosidts doducual in thn caso of the I lortxiiaa 
oscillator. 

m\ • 
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Lorentz* and Larinor proved that the nature o£ oscillations 
undergoes n radical change when it is placed in a magnetic field. 

Let the equation of motion of the undisturbed oscillator be 


(t^X 

W~- 


cPi/ 


■\xy, = - 


[IX. 


( 1 > 


Then wc have (a:, y, x) ~A cos (2jtvif+a, p, y)> where [i/ni. 

Suppose now a uniform magnetic field of strength II in the direction 
of the z-axis is superposed on this system. The equations of motion 
of the electron arc now: 


d^x 

dt- ■ 
d^^ 
dt ^ 


m 


m 


- [.ec 

- 'l-ii/ 


ell dy 
c dt 
eH (lx 
c dt 


{2a) 

m 


[IX 


Lorentz showed tliat tins equation can be solved if we introduce 
two now variables 

? = .r + %, 11 = .r - iy . , . (ii) 

They .satisfy the two equations ;— 

.eH rfl 


. ^ , f. , .eJi (iz n \ 

V d7 I 


df 




ell ^ 


{ 4 > 


c dt 


0 


Now put \ = IP e""'"'", x\~Fe 

Then Vi and satisfy the equations 

9 .,9 I 




Vl - + 


V2‘* 




2K(ytn 

eH 


2ncm 


’ Vj ^ 0 
V 3 ^ 0 


(5> 


From this we obtain, since elil^ztem is a small quantity 


Vj, -= V - 


eH 

incin * 


V 2 


V 4* 


J!lL 

inem 


* For an account of Lorentz* theory seo Lorentz, Theory of the' 
]\}eHrou^ Chap, IIT. 
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The now vibrations are tlicrcforo 


X + iy = . . 

eir 

o*^ 

II 

1 

. V2 “ V -f ' 

incm 

2‘tript 

% ^ Fe 



. (B) 


Interpretation of the --Suppose the observation isf 

made along tho 55-axis. Thou acoordiug to (6), the z-conii)onont 
would not be visible (seo l<^ig. Irx). 

X iy « * . » ropresonts a vibration in wliicli wo have 

X ^ F cos 2jtvi/, yt=^Fm\ Ifc represents circular motion of 

tho oloctron in tho autiolockwisc diroction. Tho light vibrations 
omitted from such an oscillator aro circularly polarised in tho anti- 
clockwiso diroctiom 

Similarly, (c—iy'=’JPc ’ i’oprosoiita circular motion of tho' 
electron in the clockwise direction. The light vibrations are 
circularly polarized in the clockwise direction. Thus whoii viewed 
parallel to tho floUl, a single lino splits up into two linos on opposite 
sides of the original position of tho lino with tlio freqnouoy diflbronoe 


.» 

They aro oh’cnlurly iiolarised in opposite directions. 

It is found tlint vi >• Vj honco oHlimmi is negative, or tho sign 
of c is negative. Also tho value of elom can be obtained from the 
observed value of dv or dX. 


Since 


dv 




dX 


ell 

iTtem 


wo have 


( 8 > 


e 4jt(J dX 

cm’” // X»' . 

Ifi’Diu actual moaaiiromonte of dX///, c/m was found* to be 
r77 X 10’. Hence tho vibrating electrical charge is identical with 


tho elcelron. 

Vrunsvci'afi Ffm.—When tho omitted light is viewed perpendi¬ 
cular to the field, say along the y-axis, there should appear throe Hues .- 
(1) a line corresponding to x *=> This is in tho position 


* Viclc, Jlabcock, Cmlr, Ml. Wilson Olmmlorji, i2, 109, 1022. 

For an account of cloterminntion of r/wo from Zeeman effoot see 
Noto 2, Apponilix. 

P. SO 
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of tlio original Hue, but is polarised with vibration ])arallel to t)ic 
field (jt-coinpouent), 

(2) of the vibration xA-iy ^ F wo observe only 

,x =- Pcos 2jtvi^, as the line of view is along the y-axis. H"his is 
])olari?:ecl with vibration perpendicular to the field, and the lino is 
separated from the central one by the frofinoncy diflPerenoo 
Av eIil4:noni (o-coinponent), 

(3) similarly of the vibration x — iy ^F ^ only the compo¬ 
nent X ^ /<^^cos 2 jiV 2 Hs eflPectivc in giving rise to a line at a distance 
Av ^ --eHj4:Kcm^ and with vibration perpendicular to the field 
{a-componeiits). 

The deductions are graphically represented in the diagram 
(]?ig\ 1) below* 

In this the single line at the top represents the position of the 
original wavelength of freiiuency v. The longitudinal and transverse 
. views of the effect are represented below in (a) and (/;) respectively. 
The arrow at the top shows the direction of the magnetic field TL 
When viewed along this, as in (a) only two (jojn])onents are s(Km at a 
■distance of +Av and-Av respectively from the original line. 
They are circularly polarised and tlacir senses of polarisation are 
shown by the two circular arrows. When viewed at right angles to 
the direction of H as in {b\ three lines are visible. One is in the 

position of the original lino v, and the 
other two separated from this by an 
interval +Av and -^Av respectively. 
The components polarised parallel to the 
direction of the magnetic field are 
denoted by the sign II, and those |)oIariscd 
perpendicular to the direction byj,. 
They are generally refcrerd to as jr- and a- 
components respectively. Each o-coinpo- 
nent is half as intense as the ?t-component. 

It will be noticed that except the 
direction of polarisation, the features 
of longituclinal effect are included in 
those of the transverse effect which I’cprescnts the general pheno¬ 
menon. Hence in fiittire, only the traiisvcr.se effect will be considered. 

The quantity Av — e.H/A%(wi will be denoted by ^ a ^ tlironghoiit 
tins chapter. 


I 

I I fn; long, 

i ‘ II X 

I I ^(b) transv. 

JJ^AV P P 

rtg. 1, Ornltliloal fsk^tcli shoeing 
normal KITect, 



S206 I EXPEHIMf^lNTAL VERIFICATIOU 895 

206, Experimental Verification.^— In hw tMirliast ox|)ori- 
luoiits, Zoeinan awed a N^^i-lliinio wliu^h was placMKl witliia thn ])olo“ 
picooH of a Htronj? Glocfci*oniaj[!:iu‘t. lit' obsorvcnl the D'-Hugh mih an or¬ 
dinary spGotrofyra])h, and tho ])()larisation was (GHtod withaNicol ])i’i8in, 
On nccoimt of tho small rosolving* p()W(n’ us(Hb tlu^ Zoeman com- 
ponoiits wore not separated but the lines w(n’c foiiiul to be broadened^ 
and the edges were toinid to bo polarised in acenrdaneo with 
Lorents'/s theory* 

In lat(n’ investigations carried out at Tubingen by Pasclien and 
Back, the oxporimontal methods were enormously improved. Tim 
improvements consisted in ;—> 

{ff) Tho um of spoofrogmphH of high rosolving po7vo}\—¥ov this 
purpose, either iatorferenco spectroHcopos (Fabrj-^-Perot or Luinmor- 
Gehrnk(^ or Echelon gratiugf) or concave gratings arc nsocl. In the 
experiment's of Range and Paschou, continued by Back at '^riibingen, 
fv com^avo grating of (5*82 m* radius of curvature, and with 11.0,000 
lines was used somotimos up to the sixth order. Tho resolving power 
is ?^X 1.10,000, Avhereorder number, so that for X 4400A, we can 
resolve rays soparated*by ’01 A.CL in tlio fourth order. This resolving 
power can be exceeded in interference spectroscopes, but then tlu> 
interpretation of the result becomes somewhat diflfieult. 

The polarisation of the components wa>s examined in tho tisuaf 
way by placing a quartcrwnve plate and a nicol between the spectrat 
apparatus and the electromagnet In tlio case of transverse ofTcct 
where the lines are linearly polarised, only the nicol was used. 

{!)) Sottree of J/ighL —^Tho source of light should be.such that it 
would give lines of extreme finoness with suflicieitt intensity, An 
intermittent vacuum spark of special design was used in most 
Tubingen experiments.^ 

In (ihia the metal under investigation forma one oloctrodo of tho arc^ 
and a strip of tungsten hold at the end of ti brass rod forma the other 
elootrode. Tho two im encloaod vaouuni-tight in a brass cylinder and tho 
whole is placed betwoon the polo pieces of tho oleotromngnot The llrst 
eloctrotlo is kept fixed and the W-electrode Is rotated about its central uxis^ 

For details, see Handbiich der licjmrimenial physifi\ Bd. XXII, pp. 81 
—G8j Bulyga SpcGlroacopij, 8 , Chap. II, i), 401. 

f Bee Wood^e Physical Opto (1914), Ohup. VIH. p. 2fi5, Chap. XVIII, 
p. 003; fid, Exp, Phfs.y loo, eiL, p, 45. 

t Bi\cky Ann. dJPliys,^ 70, 888, 1928; 76, 317, 1925. Bee also Land^ 
and Backs^ book Zcemamphi nnd MnlliplHi^lruhhir dor Spokh^allimmi. 
(1925), Chap. Vn,p. 128, 
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so that during each revolution the two electrodes conio in contact only 
once. At each contact an arc is formed which breaks after a short interval. 
The vacuum may be obtained by using suitable pumps. 

The ordinary methods of producing spectral lines used in the 
laboratory are either the vacuum tube discharge or the vacuum sparic with 
an air gap in parallel. The former cannot be used in this case as the 
discharge is affected by the magnetic field, while in the latter the lines 
obtained are not so intense. These disadvantages have been removed 
in the vacuum arc method. Further, by this arrangement tho gaseous 
substances may also be investigated by introducing the gases in tho brass 
cylinder and using pure carbon electrodes, 

Magnetic fields of 21,000 gausses arc ordinarily 
used, and under special cii*ouinstances, fields as high as 60,000 gausses 
have been used, This required very expensive electiomagnets of 
special construction. For observing Paschen-BaeJe Effect (see infra) 
even fields of several hundred thousand gausses are needed, Methods 
for producing extremely large fields for a very short interval of time 
have been devised by Kapitza and Skinner* in the Cavendisli 
Laboratory. 

A few typical photographs taken in tho Tubingen apparatus 
are reproduced in Kg. 2, Plate VIII, These have been five times 
enlarged. Wavelength increases towards the right 

BesenpUon of photographs, 

(1) Normal triplet—Zeeman pattern for lines of singlet spectrum. 

The line is Cd X643871, 2P-3D (singlet). Tho jc-components 

above and o-coinponents below. Note that the Jt-componont is 
doubly more intense than each o-component 


Anomalons Zeeman Pattern, 

(2) Zeeman effect of doublet spectra. 
-Be?ozt>-without magnetic field, ^ftow—under the field. 


Left —Ds of Sodiiim, ^5890*19, “S-*P, 


Eight — 


X689516, ®S-»P 


I, 


.... _ _ . 

compeer * “""»*• D, into 8 

Z^m,m '>rtnpH |,„e5 

102** loofS,™,®''””"’ 818.182*! 106, 602, 







Mg. K AliHurjuiuii ^|ii'( |riiiii i>r Tu va|HHii'. 

(rx) [’(‘Vi'i'Hx'il. (/x) //•'llih* III n1>Mii'|*(l4>lt» (r) 1N)jutmilH[}]i. 

{p. :w(i) 



1 L» :j 'I 

/i'i‘riiiiii I'llVul iai* Khi|{liM> Uiiublrl tuitl iriplrl hixm’IJ'ii. 
(1) Noniifi! trl|i[i>( liir iM ^1lllh•7l (H) Zn A- HiSO. 

(■J) l>. A Mill) Ilf Nu U,‘/i) M) Xii A 

i») |)| X fiMlMt oT K« (riff fit) (fi) Zii A |M(I. 

{p. ;i5)0) 


/. }K IJi)() 
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(3) JiiliSO'OS .... *Po“’'Si gives 3 components 

(4) ?.4722-34 .... “Pi-"Si ... 3 

(.O) ^4810'71 _ "P2-"Si ... 0 

The extreme left and right coinpoiioiits of X4810'7]. arc very faint, 
and cannot be clearly distingnished in the reproduction. 

It will be ob.scrvod that the Zeeman pattern becomes moi’c 
and more complex, as tlio inner (piantiitn number.^ of the terms 
prodnoing the lines increase. We proceed to a discussion of the 
complex typo of Zeeman effect in §‘208. 

207. Larmor’s Treatment. —Larmor’s treatment of normal 
Zeeman ICffect was different thongli the result was the same. He 
sliowed that the (dlcct of a uniform magnetic field on the motion of 
an electron moving in any orbit is to impress on the Avholo system a 
uniform prcajossion about an axis parallel to the field with the 
angular velocity 


3 components 
3 


For proving the theorem, wo observe that equations (1) can be 
written in the form 

w (7j+2o);,;i:) =• -jt?/ ^ .(9) 

nd = -p, a y 

whore co., = 

2ciii 

'riiis equation can be given an interesting dynamical intorijrota- 
tion. Let ns supimso that tlio electron is moving in the plane of 
y and the velocities in the plane ^ 

are x and ?/. Let the jrlano now 
I’otato uniformly with the nngiilar 
velocity (O about the z-axis (Ifig, 3). 

Tlicn if U and V ar-o the velocities* , 

referred to axes fixed in space but ... 

instantaneously coincident witli the ^ 

moving axes OX and OY, we have 

f/o” (B—j/co, F“’ 2 /-l-.r( 0 , XV 

for, to the ordinary velocity, wo X 
must add the velocity duo to the fik. «. Tim rotntiiig nxcu. 


* Reo Webster, The. Dmiamies of Parlioks and of Riyul, ISlaslio mnl 
lid Botlm {1912), Oliap. Vn, § 103 wliero the general case is treated. 
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i-evolution of tlie plane OXY, The components of the rotatiomil 
velocity are -?/co, .rco. In a similar way the accelerations /'and//• 
referred to the same fixed axes can be shown to be given by 

f^JJ-V(a g=V+U(a \ 

^ “ ?/+2*0)—7/(0“* f ' ‘ 

=>?}‘+2!rc) j 

for when (o is small, (o* can be neglected. Then the equations of 
motion become 

m {$"2(01/) = 1^01 
m iy+2(ox) ~ ^/ 

Hence comparing (9) and (12), we find tliat if co = 0)n, the twO' 

sets of equations become 
\H 


( 12 ) 


- V '* *' 
v'l ; \ 

-. ///' .i M i 


identical, ie., the effect of 
the inagnetio field is simply 
to impart to the orbit of 
the electron a precession 
with the angular velocity 
cr) eB/2mavoimd the axis 
of the external fiohh us 
depicted in Fig. 4. 

The orbit of tlie elec¬ 
tron is represented by the 
ellipses AK The inagnetio 
field is represented by H, 
The paths described by the 
aphelion and the i)erilielion 

Kitf. i. rrcflUHslon of orbit tii o maffnetio field. ' n • ^ , 

during precession are re¬ 
presented by upper and lower circles respectively. 

Larmor^s treatment can be adapted to quantum mechanics. 
The eifect of this precessioiial motion is to increase the energy of 
tlie system by the amount 

... : . . . (13> 



ATr« 


, k cos a 

0) 


where a is the angle between the orbit-axis and the axis of the 
magnetic field and k is- the azimuthal quantum number. This can 
be shown by referring to .Pig, 17 on page 358. 

There it was shown that the K, E. in three dimensions is given by 

T^ I m , (14} 
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Tjot now the axis of the Held ho (hiiiotod by OP. 'I.'lu!ii on 
n(!couiit of the im])ositioii of the field, tlie orbit processes round OP 
with the velocity toyr. To take iie<’,oimt of this lU’ccessimial oifect, it 
will sidlico if Avo Avrito in (1:1) il) in place of <p, AvliercA|) === (p+(»„/. 
Tt is clear that i[) is the loiiKitiidc reforred to ax<!.s (ix(>d in space. 


'Jlien Ave obtain T' == 



or T 

7'-|- wr® sin®t>.fp. 0),^ . 

. (Ifi) 

Put 

=> p^ cos a and p^ '=» lefi/2n 


Hence T' 

= T+p^io,f (!os a. 

. (Tfi') 

TTenco 

A Tir ^ 

A ly rrS3 —-- fi) ... 

(161 

2jt ". 



We haA’C tiHU’efnrc Av = 1< cos « 

It ‘incM 

(uh cos a .. , (17) 

Hnnco \vo liavc the Zooman-sopamtions of the TT-atoin 
Riven by 

Av »=■ rt (Z: cos a-//cos aO “= rt (Z'i-/'i'). . . .(18) 

Avhcre l‘\ a' r('fei’ to the initial orbit. Roth /.• co.s a '=’ ki and 
Z’'coHa''=/i'/are intCRral. We therefore find tlnit (17) explains the 
obsei'A'od normal efipect if aa'c suppose that 

AZ'i ”= rbl, 0 only, 

and A/^i = :I:1, rIvo ns components Avltli circular 

polarisation, 

AZ’i « 0 gives ns components polarized parallel 
to the field. 

This result was arrived ait slinnltanoonsly by A. SommerfeId'''and 
P. Oebyet. 

208.1Anomaloua Zeeman Effect— On aoeonnt of the great 
potential importance of Zeoman-oflPect in tluxiAving light on the 
structure of the atom, an intense interest Avas created throughout 
scientific Avorld, and many famous investigators including Michelson, 
Paselioi), Rnngo and Preston joined in systfanattc investigations 
of Zeemaii-efi'ect of spectral lines. Soon after the investigations 

* A, iSoniinorfoId, P%s. 2’CTtf,, 17, 491, 1916. 
f Debye, jWm/wa, 19^ 
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were commonced it became however apparent tlint the simplicity 
presented by Lorentz's model of the atom was rather illusoiy. As 
shown in the reproductions of the patterns (Fig. 2, Plate VIII) only a 
few lines were found to split according to Loreutz\s modeh most 
lines were found to split in much more complicated patterns, 
though it waa evident from the nature of the results, that some 
regularity ran through the mass of apparently complex results. 

In the following diagrams, some of these complex Zeeman 
patterns (shown in Plate VIII, Fig. 2) are represented graphically. 



Fig. 5. Grnphlcal skotoh of Anoioalouii Zoom on oflTooi. 

The first pattern (f/) represents the normal Zeeman splitting for 
singlets. The second pattern [b) shows the splitting of the Dj and 
D 2 -lines of sodium. The .Di splits up into four components of which 
the two outer are o-components. The displacements of these on tlie 
frequency scale are given by d: 4a/3; these for the inner two wliioh 
are the n-oomponents are ± 2f^/3, where a is eHliitcm. The ‘Dg-line 
^6890 is split up into six components, the two inner ± a/B are 
7t-eomponents, the four outer d: 3a/3, d: Sa/B ai4 (T-compoiiGuts. 
These facts may be symbolically represented by 

ls-2p, ... Di ..... ±1(2, 4) 

... Da.±|(1,3,6) 

where the short line below a number denotes jt-compoiients. 

Similarly the lines of divalent elements (e.fif., Zn green tilplet) 
forming the ps-triplet are sepai*ated according to the i}atteni (o). 
These can be represented as follows : 

2po-^s . . . . ±|(0,4) 

2pi~2s .... ±|(1,3,4) 

2p,~2s . ... ±|(0,i2,3,4) 
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209. Discovery of Regularities in Complex Zeeman 
Patterns.— An iiifc(niHi.vn study nf those Zmimiu pnttomH sliowod 
tlmt the splitting is jDjovm’tu'd by vory si^nilioiint ruh^s. Those wnv 
dis(M>v(U’(‘(l ])y Preston tiud 

Prrs/orPs Pn^ston showed that all liiu^s Indoii/rin^ to tJn^ 

saiiH^ type of spe{»4.ml (4nssi(hmfciini show the snmt* typo of Zec'iunn 
splittiti}^’, r,(j.y W(‘ have soon that all the alkalies (Jn, Ag» An, and the 

ionised (‘lemonts Her'’, Oa+, lSr'^ Jki'*’.show th(‘ sanu* 

typ(‘ (»t s[)(u^tra, /.e,, th(*y havn* all )i»;ot dotthlvl Hues heloii^inji: to 
principal, sharp, and diH-iis(‘ sorites. Pn^ston found that all lines 
of tlies(* (‘hanojits ^ivtm by the formula 

“ (//4tr] 

whcr(‘ A!' ^ /A I/A or \)li an' split Hkf? tln> Di-liiie (d Na, no inatten' 
what the vahuf of ih Siudi Hiu'S arc* 

% :h)()8 . . . Sr'** I .1210 . . . Ba'^' I 4fKTl 
helonu'in^to (U)mhiniitioii. Tin? companion line repn^sented by 

is splil. info (» ('((iiipoiioiilw lilc(! fclu! Da-Hiio of N^n. This I'lilo holds 
lull, only for (Jir I)i juul Da, Iml; for allliiios of th<! shiiri) inul Con 
(a'l'Cnin oxCoiit of I,ho priiioipio soriiw (fttr («x(!(!pl;i(>n.s, soo PaHchnn- 
Ihick (‘Hoot), h'oi- tli<! /v/-liiic>s of (riviiioiit. oI('IH(m)I:s like Al, Clio 
Zooinan paCCtO'ns arc 

ih - <1 .:b (1, ii, IS, 17, .11), 21.) 

2 P, “ .1 <h . . . ± 8, 12 , 16, 24) 

2 Pi ~ 55 d, , . . ± || (1, i i, 13) 

The rnlo wiih found to b<' of great iaiportaiico in detei'miiurig 
tlie 8ori(!s oharaotodHtici of linos and was very largoiy used by 
spoot)'os(!oi)irtte in tho oarly days of onipirioni clnHsification. 

Kiii/jir's -Riingo found Ihat tho sot>arati(ni.s are inlogra] 

iiudti])l(‘H of small aliipiot parts of tin- normal soparation n. Tho 
ndo is illuatrntod in the dosoription of tho Z<‘oman cHbot of Di, B, 
and of tho /w/-gronp, Tho oonmum donominator of tho alhiiiot. piu’t 
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I'or tho fifune gi’oup of lines is called the Range denoininatov. Thus for 
thcDi, Da lines, tlio Ruiigc (Uniominatoi' is 3, forthe ps-tvip!ot it is 2 
for the doublet /jd-gronp it is 15 and so on. Those aUqiiofc parts ■wore 
‘fouud to be eliai’actori.stic of tlio series characteristics of the terms. 

210. Sommerfeld’s Generalisations.—After the rLso of the 
quantum theory of line spectra, .Sommerfeld* sho'wed that tliese rules 
required a new interpretation. For according to the principle of 
combiuution, the fretpiency of each line is the difference of trvo 
i)umber.s, each of which multiplied by h represents tlie energy of a 
iHirticular cfuaiitnm state of the atom. The Zeeman .splittings have 
tliorefrn’e to be further I’eferred to the component terms. For ilhrs- 
tratinn we take the Dj line of sodium A~h (l.s) is the 

energy of the light-eleetron of Na in the l.s'-state, A~h (2p) i.s the 
energy in the 2/i'State. When the atom is placed in a magnetic 
field, then on aceoimt of the interaction between the mngJietic field 
and the liglit-electron, the energy will be different from the undis¬ 
turbed value by fiAv- or AAvin the initial or final state i'o.spc(!tive- 
ly, '\^^o Imve tlierofnro 

Av Av| - A\y 

ami thr prohhnt is mhiced to finding out the value of Av 
foi' each kind of fiperdm! hum which ive come across in spectral 
elmsifirniim. wa8 ]>\\8hed through by Sommerfeld 

i\nd his pupils who Krst assumed that Av for every kind of orbit 
can bo represented by aplgy wliere p and q are some nniubers 
•charnotoristic of each kind of orbit, depending on the values r, y 
b vit not on n. 

211* The Atom as a Magnet*~'The Bohr*'magtieton«— 

Ab the original Bohi^Sommerfeld model did not hold out any hope 
of explaining the anomalous effect, the more geiieraV assumption was 
made tliat each atonif in any quantum state^ may he regarded as an 
elementary magnet with a definite axis and a definite magnetic 
moment p, 

Let us see how tliis oonclusxou was arrived at, 

We slinll discuss in cliapter XVI tlie defcailed theories of magnet¬ 
ism. TJie intimate relation between magnetism and electrioity was first 
discovered by Oersted who discovered that a wire carrying a overrent 

*A. HojnjnarfeJfh Jtomime nnd tSpekiralUnien (1924X Chap, §B, p, 612. 
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yrnducc.s a inii^yiiotic (iold about it l‘'ollo\viuij; tlu^s(‘ stu(li(‘s, Aiiipm* 
Hhowod that if a cuiTcnt / paaso.s through a win* (Miciosiiig- a plane' 
area S, tlio inaj^uotic action of tin* arna is eniiuil to that of a normally 
polarisfid ma^^iiotiscd shell ocovipyin^ tho sanu^ aroiu and having’ thn 
total luomoiit iS, "I'his thcorom is the toundatiou of cnvremt oliaUaM- 
city; hut hero wo are c'.oueoi'aod with the^ attoin]>t of Ainporo to 
(}xplnin natural maij:notisin in terms nl! small onmMits of molecular 
(tinmnaionsexisting witliiii inajjjiietic bodie's. In ohaptor X\^[, w(i hiive^ 
doaeribed how this theory has reoeivod comph^lt* v(U‘ilioati()n»nnd h(»w 
at the i)rosent time, a|l the phenomena of ma^m^tisin art* explaiiu'd 
in terms of diftevont kinds t»f motion of tlu* (d<H^tron, 

It IK clear that on this view, BohrV hydrogen orbits possess 
definite mapjnetic moments. Taking: a <uiHMilar orbit, \yi\ find tlud 
tlio magnetic moment of the orbit 


p ^ is 

where S ^ area, / ^ ecjiiivalont eiuTent in can, units, 

Now S ^ and i — c/cf/’, where T \h the periddie time, and r* 
in the douoniinator converts it to omn iiiuts. I ltmcc* wt* have 


H ^ .(|,,j 


According to Bohr^s theory 

-jt 


Hemaj 


“ ' •litrm 


Thus the magnetic moment of the electron in tln^ orbit is an 
integral multiple of the elemoiitury (piantity ehl^TCrm. 

To the quantity ehl^ktem the name of Ihhr-iimfi/wton has boon 
given, Even if the orbit be elliptic, the magnetic moment is given by 


ina/n 


( 20 ) 


whore k is the azimuthal quanttun number. '^Phe axis of the magnet 
is along the normal to the orbit. 


212. The Atom in a Magnetic Field. —'riic ri'siillH of 
finoinalouH Zocinan effect sliow tliiit the niiifjctictic nioineiit of the 
Kciieml atom is more complex than that of the ll-nloin, for otherwise 
the Zeeman splitting would be always normal, het ns sipipose tliat 
it is given by pa, whore p c= c///4jifv//, and a is a finiction of rinantnnr 
munbers which is to be determined. 
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Wlicni moh ji magiiofc is placc^d in tlin fuUd IT with its 

axis indinnd at an nn^'lo 0 to tin* link), tho atom has iho additional 
energy 

AAv/ = fl\ii (ios Bi 


whei'o^i^ =:? magnetic inoin(‘lit of tJie initia] state. 



tt 


Tins can be (Easily dedneod witli tln^ lu^lp nf 
n where TiJ denotes the polf^ strengtii of the 
elementary magnet. 

If the atom now passes to anotlior (piuntimi 
state mth the magnetic moment p/, and angle ol: 

inclination Of, tlio additional energy due to tlie 
fi(dd is 

BAvf — //[ifiim Of 
Hen(*(* the Zeeman .S(*paration is given by 

A / 

* Av ^ -j~ (p* eos Oi —\Kf cui^Of) 


We liave therefore 


Av - 


elf 


(•()« Oi ~ai r.m Of) 


— fi(ai ftos Of —a/ cos Of) 

Using this expression avc have iiOAv to line! out the valiu* ol* rt 
for the general type of atom, from an analysis of the data on 
ZcGiiian effect. 

Fiom II serutiny of these results, it was dodu<K?cl by sov(n’nl 
investigators (Sommei-fold* Bohr, and Pauli) that a in the first 
instance is dependent on the “wrter qiimiiim” mmhor mul not- on 
t)w aximuthal quantum number. To understand how thiseonclii- 
sion was arrived at, acquaintance with original work is ncoessm'y, 
but some idea may be formed from a reference to the anomalous 
Zeeman patterns of sodium. Sodium Di and T)^ lines have the 
same k for initial and final orbits, namely 2 and 1, but their* 
Zeeman patterns are different. Hence a cannot be dopcnde.it on 
/■•alono. .\ better example is the Zeeman pattern of the three lines 
ormmg the triplet ?;.s- group of two-valence elements, which aro 
widely different, though /• for the initial and final orbits are tlio 


lAir ilemlls 


/V. Sommer fold, loa. 


pfi. 
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sain(‘in nil (msns, Kir.st ji tniitutivt; jnoasun‘, a wajs takoa pro- 
pov(:i(iiuil to y, which for 2y;o ^vas taken to l)(‘ 0. foi* 2p, to hv I, for 
2 p 2 ... 2, and this snppoaition, after some modilieation proved to lx* 
thorou^'hly siHUJcssful, Wo now put the ma^'indie niomont of an atom 

ot t*- = r/7.(21) 

wiiero./^* inuev (|uantiiin uuniber/|7^ a factor pi b<' ihdcu-inincd. 
It wart lirst c*)iTeetly deternnned by liaiuhs and lias reecived the 
luiiiK^ of Laudo-farJor* 

The <5han^’(? in energy of an atom-magnet nieusnre<l in lT<a(M(Mie.y 
irt givmn by 

Av it if ;j <ios 0 ^ a (p U( .(22) 

wlujrtf m =«./(a)si^; min known as tlie oia(/n(iiir fjnanlHti/ iun/thr, 
'Phe i)nHsibl(^ values of m are 

h J- h . . * -j 

u\y for a term having the inner (numtuin niiinlxu' y, tlun’c are 2;+1. 
mngnotic quuntinn numbers* 

'^Pluis tlio arc projections opy on the cxPaaial jnagmjtic axis, 
as shown in Fig. 7. 

II retiresonts th(‘ diroe-tion of tln^ 
external magnetic field, — 3 is tlie 

y-vector of the linal (piaiitiim i>rbit. 

This irt represented by the rndins 
ve(jtor of the njjper dottcal s(ani- 
e4rcl(‘, T\\o corre.s{)on(ling m-valnes 
are rthown by the projeu'-tions of 
IIk', radii in cliHerent dir(‘cti()ns on 
the magnetite fh^ld axis, ft is (‘asy 
to see thatw«^S) along tlie (live(*,tion 
of //| then it diminishes suceessively 

by b mul iinally m a 'The* majfiKilh'<inoiiiuin rminbL'i*, 

direction o])poH)te to that of IL 

m thus bilce.s the sovm values +3, 2, I, 0, - .1, -<2 and -3, and the 
<?orr(^rtponding (luantiim sublevels nix* shown against tlie projections* 
iSimihuOy the y-v<‘Ctor of tin* initial orbit is y^. ^ 2 (radius of the 
lower <lotfcc.d cirolo)i and the corresponding (pinntuin sublevels liavo 
I, 0,-1 and -2* The fclireescfcsof linos coiTospoiuling to the 
transitions Am ^ dh 1 and 0 are shown by th(‘ throe systems of 
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Wv then for juiy transition froin initial to final url)it 


Ar, 

a 




. . (‘i:0 


which gives the Zceinan se[)aration of any line. 


213* Correlation of Formula to Experimental results*— 

Witli the aid of this fonniila, it is possible to get all th(» Z(‘ennin 
components. Correct values of the //.s* and W(a'e obtaiiu'd aft(U‘ 
repeated trials. Wo give here a i:o^v eliini' rosnlts ; tlu^ full n'snlts 
will be given later, 

(1) It was found that ff>r terms of oven iniiltiplc^t* all the ./V 
must be half uiiinbered. 

(2) Por term.s of odd nmltii)lots,/.v have integral values. 

All the (j values were at first obtained l)y trial» and tli(U)r(‘ti(‘al 
interpretation came later. But at the fire.sojit time it is latssihle to^ 
wite out//and y values from a few simph^ rnlos wliieb will b(’ ex¬ 
plained later. 

There mii.st be a selection principle for niy and this is tlu‘ sanu'^ 
as that fory. Allowed transitions nr(* 

inat .... giving jt — cumponeids 

^ Hi T1 

iii\^ ♦ . . . giving a-eoinpoinmls 

m-X 

The transition is allf)wed. The justification for 

these rules was given by the coxTGs|K)nd(Mice principle and later l)y 
Wave-nioolianics {vide infra). 

The methods of writing out tlic Zeenuin separuticais on this, 
basis are illustrated in the following tables. 

Take for example theDi line of sodium. I t arises out of the doublet 
combination or a transition , The f/-valueH of tliG 

initial and the final terms ai'e 2 and 2/3 reH])ectivoly. Those are 
sho^vii in the first three columns of the table. Again for each of the 
two terms, ^ = 5, hence ^ or — and the corresponding 

?«flr-yalnes are-.I, + 1 for , and + I for . These arc 

shown ill column 4. The allowed traimitioiiB are {- - i), 

(1 i\ (—1 and (I ^ - i) as marked by arrows* Wo thus g(d 
altogether 4 components having the separations Av/a ==» ± i (2j^4> 
as represented in the Inst column. I’he two components Imving 
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Av/rt “ ± 2/3 i>ri.s<! out of transitions Aw 1), and, tlu'y aro 
Tt-coinponcnilx, and tlin otluu' two (Aw = :.t 1) arc* o-cannixaionts. 


To/ilr /. 

Oomhintiliinii j Twin 

\ fH 

-3/2 -1/2 1/2 H/2 

.. .. 1. 

!/ . 

•••• .. ■ ... 

i 


--1 1 

1 ’i 

1)| . . . S- pi , 


JXJ 

i ''l 

• 2/4 

1/3 

2H. 

2 

i 

1 --1. 1 

J 

1)2 . •''* y^2 


i ^IXX 



j-(i/S -2/.i 2/.3 (i/.'i 




\ w. 

-2 -1 0 I 2 



// \ 



as, 

2 

-2 0 2 

Pq 



\1X 


aPo 

(} 

0 


as. 

2 

--2 n 2 

Pi -S' 



IX XI 


aP, 

3/2 

-.3/2 0 3/2 , 


as, 

2 

-2 0 2 

Pz 





aPj 

!!/2 

-ri/2-.3/2 0 .3/2 0/2 


t i (0, 4) 


4. i (i ». 4) 


rti(0,i.2,:),4) 


Similar unalysos sliOAV tliiit tin) Djj-liuc wcnikl split up into 
(i compononts; wlulu tor the yj-v-triplet, wc wntiltl ^ot 3 oompononts 
from .S' po “Combination, 6 from s- pi and S) from s pj, 

'Phesn results agree with the exporimentiil results quoted 
in Mg. n, )). 400 . 
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Pro(3('(‘diiift' ou tills bnsLs of aIu^l 3 ^sis of Zeeinan-soiijirution, Ibick 
and Liiiulo, worked out in (letuil tlio tliooretical Zoenimi patterns for 
a lar^'(‘ number of nuiltijdot spectral lines. Fora coinprehonsivo list» 
see the tables imblishod in Bumui of Rtanilard Jour}ml of llcmorolh 
by Kiess and Me^^jirei’s, Ml* 1 fl28, or p, 1.08 to 20.-^ of Back and 
TiUnde^s book (l(u\ e/A). 

As a result of extonsivo studios of the intensities of the Zocnian 
(^ompoueuts^ certain {general rules regarding their relative intensities 
have been arrived at. Tt i.s found that when the Zeeman coiniiononts 
arise from transitions between orbits Avliich have the same number of 
magnetic levels, as in the doublet ,s7;i, and triplet jt)itS-coinbinations 
ill th(^ last table, the ai-coinponents corresponding to the 
cuimiw (vertu^al) arrows iu tlie scliemc are the strongest, while the 
or-coniponeals (‘orresponding to the middle (slanting) arrows in the 
sclioni(5 are the strong(\st, But' when tlie Zeeman componemts arise 
from transitious betwcitai orbits wliich possess unequal niimlnu’ 
of magnetic* hovels as in doublet and triplet 

combinations, tiu* rules arc reversed. Thus for the tri])let the 
jt-eompouents Avjn — d: ^ nvo, the .strongest and o-eoniponents 
Av/a «= d: 8/2. 4/2 are almost cipially strong, while for the triplet 

the jc-cojuponeiits Av/rf == 0, and (T-cojiiponcnts Av/a ^ db 2/2 
are the strong('st. 8810 intense components are denoted In tliicdc 
types in the la>st (mivmm of the table. 

214, Experimental Test of Directional Quantisation of 
Atoms : Stern and Gerlach Experiment* —^^riie above theory 
of Zeenum effect involved many assumptioTiiS wliicli were only gra¬ 
dually verified. One of the chief assumptions is that if an atom 
magnet be placed in a magnetic held, the equilibrium position is not 
given by the classical theory of magnetism, for in that case, tlie magnet 
would always align itself parallel to the lines of force. Neither is the 
axis oriented at random, but is inclined at definite angles 

5 “ w)s” (y.y-i ... -y).(24) 

to iiii m'bitnifily fi.xed e.xtevniii axis, as shown in Ji'ig. 7, p. 406. 

'I’lu' flcdnctioii is rathor siirpriaing, foi* it signiiios tlmt tlio 
at()in-a.vi.s ciui point only to oertain privileged directions a.s indicatoid , 
b>- tirro\v.s in l‘'ig. 7, any hapliazavd direction is not allowed. 

'I.'hougli the entii’e o.xplanation of Zeeman effect is based on this 
Uypollie.sis, the phenoaienon affords no direct proof of this, as we 
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iwv. h(!V(‘ c<)nc«riu‘tl m\y with tli(j (UfTorciico of tlio viilues aris- 
iiifii out of Iho oi'ioutocl status. Storii and (icvlnoh''’ however devised 
an inf^enious method for experimental verification of this pnra~ 
doxi(Mil liypotliosis. Their experimental aiTauj 2 :oment is shown in 
Fijr. 8. 


0 




8. An^niiRumoias of Sttivii’QorlnOli Kspcrinu'iil. 


A beam of silver atom produced by heating silver in a small 
oven (), and rendered parallel by a number of fine slits Si, Sg is 
allowed to pass through a n(>n-homo{jmeoffs magnetic 
field PP, and is received on a photogra(>hic plate A. 

The inhomogeneous Hold is produced between two pole- 
pieces of an electromagnet, shaped as shown separately 
in Kg. 8 (/j). On deve]o])ing the plate no tra(^o is 
obtained of the direct beam, but two traces are (/;) 
obtained equidistant from, and on cither side of what 
would have been the trace of the direct beam. IMio direct beam 
has evidently been split rip into two beams by tlie iuiluenco of the 
magnetic field, ^Plio intorprotation ol: this result is as follows. 

The energy of an atom-magnet whose axis is inclined at an angle 
0 ^ eos**^ i'in/j) to a magnetic field II is 



-mg. 




(26) 


iis proved in §312. The oompononts of its inagnotic moinciit along 
the direction of TI is equal to mg. c/i/4jt»j„c, that is to say, wjiyBohr 
magnetons. Now according to the assumption involved in equ. 
(24), m can assn me (Sy'+l) values between +y and ~j. When a 
stream of such atoms is sent through a non-homogoneomi magnetic 
Cmld of gradient fUllck, each atom would be subjected to a force 


(>}/ dll 

4n;?«oC ' 


( 2 ( 1 ) 


* 0. Stern and W, Gerhich, Ann. d. Phys,, 74, 673, 1924; W. Gorlnch, 
Ann d. Phys., 76,163, 1925, 

F. 62 
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Tills force would split up the atom-beam into (2^+1) separate 
streams corresponding to the (2;/ + l) different values of the magnetic* 
moment. Further, tlic deviation of any stream from its original 
course would be proportional to the factor mg, Wc can obtain an 
expression for the deviation in the following way. 

Suppose ?;^the velocity of the silver atoms corresponding to 
tlie oven temperature 7"(in absolute scale), and the length of the 

wedge-shaped pole-piece. Then the atom is subjected to tlu* 
magnetic field for a time ijv. Since it possesses an acceleration 
dHjds, {mg, the atom is deflected on coming just 

outside the field, by an amount 




1 ^ 
2??7q 


m (ly 

ds' \ vl 


eh 




But imov^ = ikT* 

for atoms in oqnilibriuni, whore /,•—Boity.mnnn’s constant. 


Hence 


n ZH nh 

0.S- 


. ( 21 ) 


This would be the deflection of the trace on photogTnphic ])lntc if 
the latter i.s placed just outside the ])ole-pieces. But in actual 
practice the plate is situated some distance apart. If rt=idistance 
between the plate and the end of pole-pieces, the additional do/lec¬ 
tion is f. htjv^, so that the total deflection 




1__ 


3.? 


eh 


»)(/. ■^y’}' • • ( 28 ) 


as proved on p. 83, Chap. III. 

For silver atoms, as already mentioned, two ti’aces were 
obtained. This can be seen from an actual photograph roprodiioed in 
Plate Viri, Fig. 9 from the original due to Gerlach. On measuring 
the deflections, it was found with the aid of relation (28) that tlieso 
corresponded to mg ^ ±1. It leads to the conclusion that the 
Ag-atoms orient themselves in the magnetic field in such a way that 
tooir resolved ningiictic moment along the field direction is -^1-1 
Bohr inaguotons. 
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Tills is exactly what is to be expi'cti'd From tiio siMictroscopLc 
theory. For, the normal state ol: AK-atoiu is *.S,, which fi-ivcs only 

two values of m = + i and - 1 ; and //•=>2. So we get m//— -I-1 
and -1. 

The results expected for otlier spectroscoiiic .stato.s of nonniil 
atoms can be predicted in a similar way. A number of casiis is 
sliown in the following table, the expected pattern being graphically 
.shown in column 5 of the table (the scale is arbitrarily cbo.seii). 

Experiments have been performed by Phipps ami 'I’aylor*, and 
Wredef on hydrogen, Lm4 on K, Na and Tl, 'raylorS on la and 
other investigators on dilieront eIemont.s in tlie periodic table to test 
the predictions given in Table 2. Except in the cases of Bi, Sb, Ni 
and Pe, they have obtained patterns in good agroement with theo¬ 
retical predictions. .In otiicr cases, on account of experimental 
diffloulties, the results are in general inconclusive. 'Paylor’s r('.siilts 
on Li have also been found to bo anomalous. 


T(Me 2,—Theoreiical >■ 
ff 


.Kloinents 

Norm, 

sfcatiG 

H, Li, Nil, Kjl 
On, Ag.Au 1 


Zn, Gd, Hg ... 

'So 

Sn, PI) 


Tl (81) 

“P* 5 


2P| 4 


3P, 1 


i 

P, N 



U 

0 

2/a 

4/3 


Stern-Op.rtdoh Pnltei'n of KlenicntN, 
>»!/ 


-1 +1 

n 

n 

-l/.a H-l/a 

-6/3 -‘2/3 -l-‘J/,a +6/3 

-3/2 0 +3/2 
-6/2 -3/2 (I -1-3/2 +6/2 
—3 —I -I-1 +)! 


iSn!i'ii-(:i('riaeh 

Pallicra 


I ! 


I I 


I I I I 

I I I 
I I I I 


* E. Phipps and J. B. Taylor, Pln/n. Iter., 29, 309, 1027. 
t E Wrede, Zs., f, Phijs'., 41, 069,1027. 
t A. Leu, Zs., f, Phys., 41, 6BI, 1027; 49, 498, 1038, 

S K. G. J. Fraser, Pm. /to?/. Hoc. d, 114, 212, 1927 
[I J, B, Taylor, Zs,, /’. Phys., 62, 840, 1029. 
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2IS. Land^'fi Tables of Inner Quantum Nunmbers and 
^-Values. —The Inner ((uantum miiiibers niid f/-*valnesfor tlio faniilieH 
of terms in an alkali spectra (rloMb)(‘t) arc shown below in ttibl(‘ 
Lautle was able to arrive at these values empirically From an 
analysis of the i^reat mass of (lata on the Zeeman splittin^c of multi- 
plets collected by the long and painstaking exporinientJH of Back 
carried out at Tubingen. 

For tlio doublet (.s»*=l/2) sharp-series j^lj% for the pviiuiipal 
series ^=== 1 / 2 , 3/2, and so ojn The .^-values ar(^ 2 for the .sxsories, ‘J/Jb 
4/3 for tlm 2 ;-serics corresponding to y=:=:l/2, 3/2 rcsi)(jctivcly, and 
so on for other family of terms. 


Tuhlp. :}^~-Voi^hht Terms (.v^I/2). 




J 

J 

1 \ 

\ 

f 




0 

0 

t 

7c=*2, p 

.1 -•( 

3 a 


1 


/.!«,% d 

n 


2 


7^“4, f 



!} 


/.•=s6, g 


i f 

•1 



i 7 -vaincs 


s 

( 

N 


1(1 

\\ 


For the singlet terms, tlie Zccmnii effect hns been foimcl to be 
normal. Their inner ciuantnin niimber.s and ( 7 -vaIiies are shown 
below. 


Tahp. 4,—Singlet Tenns 



j 

1 \ 

0 

1 2-3 4: 


0 

0 ! 

0 


2p 

1 

1 

1 • 

1 

3 d 

0 

2 

1 

1 

4 . f 

1 

1 .3 


J 

'*5 I) 


4 4 

j 

• 1 




j 7 -vulnes 
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l<\)r thn tviplofc Cs==^ l.) tcvins^ and fZ-valnnH nr(‘ shown below. 
T(Me 5.— Tripht lernix ! )* 



\ j 

1 0 . 

2 2 4 





.s 

1 0 

; 2. 


At-2, p 

0 12 ) 

1 {) i! 

1 


A'-iJ, d 

1 2 n 2 

1 A 

(i il 

A--4, f 

2 li 4 2 

1 

n ly 1 

A'=r), <! 

2 4 ") ,4 

1 

5 1 <i 

1 'Jd ;i 



:.... 

/7-VllllICK 

J^^)r quartet (.s‘=s=^ 2 ) tonus, tho values are as 

follows. 



Tfddr (i —Quartoi knits (.v—|). 


1 

\ •?■ 

J 

4 2 

5 1 1 y 


f 



A;-.l, .s 

!! 0 

i 


A^-2, V 

1 i! 1 1 

15 n 

,s 

Ti 

A^»3, d 

1 il 5 1 2 

« Il 

A s 1 n 
!< Ti 7 

A^-4, f 

■!} 1 I •! ^ -2 

•i 

U 11 7 s 1 

ar. .’t <1 

/rtsssf), {} 

!i J, i; 4 


1 11- 
7 i: n !i (1 i J 




//-values 


216. Mechanical Interpretation olF Inner Quantum Num¬ 
ber. —From the above* tables, we find that the innor quantum 
number j can be ropreseuteci as the vedor sftm of two imnibers, /, 
wliich is (/•*"“!}, and .s* wliicli is obtained from the multiplioHy by the 
rule .s'=«(r-l)/2, 

We shall now explain what is meant by vector Huin, If wo have 
two vectors a and their vi^sultant c is given by 

d »= eos 0 

nnd according to tho value of a+tenn have nil values between 
and liOt us now assign to in accordance with tlu! general trend of 
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.1,only »ci,«1..0.wM0h ,lib i.y 

niunberj?, v 

,, = rt+6, «+/>-!, a+b-2 .(ff-^0 ov 

whichever is positive. v\ i. 

Tlieii is said to be tlie quantum vector sum of the vectors 

a and h. 



AVitl) tills definition of <?, wo find that for the doublets tliu 
y-valncs are given by 

\3 \ “1 fc-l+il 

For singlets, 1 j | =1 A^-i+O 1 , for triplets j => i A’"-! +1. 1 . 
Thus tlie .;=values for ®P are given by 

11 + 11 - 0 , 1,2 

Hence we see that in general 

y - I /+«! ..( 20 ) 

where /—A -1, and 1,1.... for singlets, doublets and 

triplets. 

This rule is quite general, aiid has been found to bo correct 
for spectra of higher milltipUcities. We have, in general 

s -= 0, a, I, #.(30) 

for singlets, doublets, triplets, quartets, etc* * ♦., whore 
plicity nnnibor. 
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Tlio goometricia] constriietinn for obtainiiifj; Uu* sum of 

two vectors I and s with a jriven 0 l)(‘twe('n Huan is known ns 

the and is shown in Ki^’. n(c). The inethod is 

ns follows : draw a vector s=sOS, and from draw th(‘ vi’ctor /~SL 
on the samo scale and making aiigle 0 with it. Tlum OL is the 
vector sum j of s and /. 

Sommerfeld utilised this method for obtaining A s, ./“schemes for 
odd and even multiplcts of .v, fl, /‘ //“terms, as illustmtetl in k'igs.h 'a) 
and (b) for quintet and sextet respectively, h"or odd mnlli])licities 
we know ,^=0, 1, 2, 8 ., . for singlet, triplet, i(iiititet, sejitet, , , . 
Further, ], 2 , B, 4, o fur .v, (b From the origin 

.s^O, the succoHsivc dotted circles 2, 3, 4 . , , are drawn, h'or 
({nintot ; this is rGprcs(mted by th(^ arrow 02. With tlu^ upixu* 
end 2 of this arrow as centre 8UCC0Hsi.v(‘ (dvcles in full line are drawn 
having radii of 0,1, 2, 3, 4, 5 units, Thano i»ei)r(W(mt tin* /“V<'etors 
for rS ,(b /\ fj series respectively as marked on tlnan, The laiints 
at which any of the «-circles ent the .s', //, / ... circles are marlcod 

with the same value of s. Then the lignres on any H(*ries“eirclo 
give at once all the y-valuos for the (iiiiiitet tfirms of. tliat s(‘ries. 

Tims from l^g, 9 (r^), we have for quintet /Pterins ./«=::!, 2, 1 ; 
for quintet d-tevim .;=«4, 3, 2, 1, 0 and so on, Th(‘ inetlmd may be 
extended for oven multiplicity, only here we hav(‘ to use hnlf-(|uantiim 
luimbera 3/2, 6/2 .,, , for doublet, (juartet, soxt(4. , .. Th(‘ last 
case is illustrated in Fig, 9 (ft). 

The ./-vallies for singlet, doublet, triplet and quart{)t .v, p, //, /\ </- 
terms have been given on page 413 and tlmsc for the higluu' multipli¬ 
cities are given below, and they will In* found UHofiil latfu*, when 
complex spectra arc discussed. 


Tabir 7, 


1 

Quintet, ,vc= 2 

1. 


0 

2 

0 


1. 

I 2 I? 

1 


•> 

0 12)} 4 


Ji 

V 

!5 

1 2 )} 4 5 

)! 

d 

4 

2 )} 4 f) (1 

•1 






I I 

7 


}l 


j 5 J H 

» r, 7 ?* M 

>1 0 •) •! O 


V 
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217* The Vector Model of the Atom*'— Let us now cousklor 
tho inechmiicnl interpretation of this most interesting result Since 
\jigj represents the magnetic moment of the atom, and.;— | /,'*-,l.+,9| 
^ve arc led to tlio conclusion that magnetism of atoms arises 
from two otitir(‘ly dilferoat causes* In tlie final result, tlms (3 ar(> 
vectorially added, ^fliese causes are : 

(1) TliG motion which gives us th(3 /•■■qiiaiitum immbcr. 

The/■'-III 1 an turn number has been identified with orbital niotioiu 
and it was remarked a little while ag(3 (see equation 20) tliat the 
inagnetic moment of an electron moving in an orbit with tho 
aJ^imutlial quantum number h is 

4jtm 

Ihit tho present analysis shows that this is not (piitc right. 
The magnetic momiMit eorresponding to the /:-quantuin number is 




eh 

4jre;// 


or /• 


eh 

Ancm 


. . Oil) 


Thin rmili Umrefore required a o/'///e Bohr- 

Sommerfeld theory, and uris later led by Wair.-merhauu\s, 

(2) Tho second part of magnetism arises from the multiplicity 
quantum number s. It is s^ch/iTtom, 

We have now to consider the mochaiiical interpretation of the 
.v-quantum number. 


218. The Spin^Quantum Number*— A scrutiny of tho 
spectral data shows that .s“ increases with tho complexity of the atom* 
Thus weluivo the folloMung innltiplicity for dements of successive 
groups: 

1. IL m. IV. V. VI. VII, 

Na Mg A1 Si P ^ S Cl 

Doublets Singlets Doublet Singlet Doublet Singlet Doublet 

Triplets Quartet 'IMplot Quartet Triplet Quartet 

Quintet 

We ascribe the lines to the motions of a simple electron, modi¬ 
fied by tho presence of other electi’ons in the incomplete shells. 
Hence the complexity observed i.s due to tho action of the remaining 
electrons in the incomplete shell, 
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Thus ill accordance with the considerations given on page 3()1) 
wo suppose that sodium (11) has a completed Nc-Uko structure, and 
one valency electron. The lines observed are due to the motion oE 
the valency electron. ISIements like Mg are sometimes called 
two-valence elements, Tliougli most of the arc lines are due 
primarily to the vibration of one electron, the presence of the other 
electron profoundly modifies its motion, and converts the spectrum 
into a singlet and triplet system of lines. 

Pauli brought conclusive evidenoo to prove that the increasing 
multiplicity observed when there are'more than one electron in tho' 
iucomploto shell, must be duo to a superposition of the individual 
effects duo to each of the valency electrons. FuriJier, a migh 
electron inoving in a radically syminetrical field docs not give ns a 
singlet spectnm, for which s 0^ but a doublet spccintm s ^ l/2„ 
as is exemplified in the ease of the alkali elements. 

According to Pauli, the motion of each electron is characterized 
by four quantum numbers n, /, s and vi. Ho further discovered the 
remarkable fact that s has a fixed value, and is equal to i for each 
electron. This causes some difficulty when wo wish to interpret the 
results from the point of view of moclmnica. For a particle, as wo 
understand it, can have only B-indopendent degrees of freedom, 
and hence the number of independent quantum numbers should 
not exceed three. This is exemplified in the Bohr model of 
the H-atom. Here we have three quaiituin numbers k and m, 

* represents total energy, k the angular momentum and m^k cos 0 
represents tilt of the axis of the orbit to some axis fixed in si)aco, 
Now wo find that we must ascribe a fourth quantum number 
to the electron. We are therefore endowing it with move degrees of 
freedom than a conventional geometrical particle is capable of 
possessing. 

219. The Rotating Electron. —Goudsmit and Uhloubcck*^ 
suggested that the difficulty can be got over by supposing that the 
electron is not to bo conceived as a geometrical pai'tiolo, but as a 
sphere with definite extensions, and rotating about an axis fixed 
in itself. 'J"ho conception is not new, for a theory of rotating 
electrons was developed by Abrahamf to account for magnetism 

*** Qoiulsmit and Uhlenbeelq iS, fihB, 1025; Kaixire^ 117,. 

264, 1926. 

t Abraham, Elcelnoily mid MagneMsm, 

P 53 V : .V. 
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from classical electroniagnctisui, lie showed that if a spherical 
< 5 liarge c having the radius a is made to rotate with tho angular 
velocity co about an axis fixed in itself, it possesses definite 
mechanical and magnetic moments. These are : 

■ I 

Mechanical Moment si ~ p- to = ^ | f ' 


Magnetic Moment 
Ratio . 



to 



. . (32) 


It may be observed that the ratio between [i and si for orbital 
motion is just lialf this, vh,, fil2mc, 

Goudsmit and Uhlenbeck iiostulated that tho electron inside 
the atom is rotating with such velocity that its mechanical moment 

_ h 1 4 _ 

n - « 2rt “ 2 2jc 


Tliis enables us to enJeulate co. It can be easily vorifled that 


ao) 

c 



(33) 


whore o = SommerfeItVs constant. 

Tho linear velocity at tho periphery of tho electron thus comes 
•out to about 308 times the velocity of light, a deduction which has 
still remained incomprehensible. 

In spite of the cHlfioulty that the surface has to rotate with a 
speed which is about 308 times the velocity of light, the rotating 
electron has got some very recommendatory features. The ratio of 
the magnetic moment to the mechanical moment comes out to be 
c/we which is more in accord with tho results of tho gyromagnetic 
experiments on the mtio between the two moments.* It also 
removes a meolianical difficulty. According to tho orientation 
hypothesis, the atom-magnet can be in equilibrium, at any tilt to an 
external axis given by ^ = cos ' ^ (w/;). But according to classical 
dynamical principles, only the position 0 =» 0 (the atom-axis parallel 
to tho magnetic field) is one of stable equilibrium. Tho position 
d = Jt (atom-axis anti-parallel to the field) is one of unstable equili¬ 
brium. The others are not positions of equilibrium at all. But if we 


* See Chap. XVI on Magnetism. 
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suppose the electron to rotate rapidly round an axis, it behaves more 
or less like a gyroscope, and hence the orientation of the electrou- 
nxia at any angle does not present an insuperable mechanical 
difflculty. 


If magnetism avisos from the orbital and spinning motions of the 
electron, the question arises whether it is possible to observe dii-ectly the 
magnetism duo to an individual olcetron. Many attempts have been made 
to observe* this without success. Bohr has given from the uncertainty 
principle a very simple argument to show that it is not possible to 
obfloi'vo tihia piionomenoiu 

Siippoao obsGrvfttion is iiindo oi\ a single olocfcvoii by ineaus of a 
magiiotoiiiotoi plaood at a distaiiCG /? from it. Xho olcctrou has a iiiagiiGtic 
inomonfc and it produces a magnetic field at a distance R 


given by 



. . . ( 34 ) 

«'• AJI<v^Aff. . 

Tl* tt _ __1 t . . ^ 

. . . ( 34 ') 


It H can be ineasuved, |X can be dotoi'mined. For the success of the 
experiment, the error in the detorminatioii of 11 must be less than H 
Itself, or 


All < II .( 35 ) 

or from ( 34 ), ( 34 ') ^ A 7 ? < i 


A 7 ? < 7 ?.( 36 ) 

Now it V = velocity of tho moving electron, the magnetic field duo to 

it is 


Hi ~ 


ev 


or 


.... ( 37 ) 


, A.ccording to llemnhurg*s uncertainty PHneiplef"^ whenever an 
obflorvation is made on any system, there arises an uncertainty in the 
inoaauvGinont given by 

Ap Aq 'S: h/ 2 K 


In our present exporimont tiio uncertainty is 


or from (87) 


At; Ai? ^ h/ 2 K 7 n 


All 


i :> 


c ft 1 
oR^ aR 


* Vide Condon and Morse, Qua^ikm MeehanicSf Secs. 6 and 62 * 
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Hence 


or 


fi h 

cRi 2Km /C^Ji 


£ 

Hi ■ ' ‘ 

Jjt__ } 

4JCmc ‘ Ri 


1 

Ai? 


~ or aR^R 


from (135) 


(38) 


This condition is contrary to the ooinlitioii (30), which proves the im- 
possihility of the proposition. 

Tlie idea of the rotating electron provides a very .sugges¬ 
tive picture of mechanical pi’oce.sses involved in the production of 
series lines. If it is correct, the elementary spectrum, /V.?,, Ihc 
^spairn7?i produced by the motion of an eketron ronnd a tfurr 
iiuckns (as in H-atom) should be a doublet sjjeetram^ as in alkalies. 
In other words, the hydrogen spectrum shonld be exaetly analogous 
to the speetrimi of sodium, Goudsmit and Uhlenbcck*’* proved that 
tin’s was exactly the case, and calculated the energy-values of the 
H-atom on the new basis, and was able to explain conip!( 5 t(dy tli<j 
fine stinicturef of the Balmer lines and of the line \ KiSli. 
The.se calculations are given in the following section. 


220, The Rotating Electron in the Field of the Nucleus*:!:— 

The calculations given here are rather too complex and are of the 
nature of patch work, but unfortunately no simpler iiKjthod t)i! 
arriving at the final results for this fundamental problem has yet 
been found. In the following we give only the barest steps, bringing 
out only the physical points. Many steps will api}ear to be rather 
arbitrary and certain assumptions not quite obvious will have also 
to be made. 

A method of deducing the results from Matrix Mechanics was 
given by HeisenbergH and Jordan. Diracif has given another method 
which makes use of the principle of relativity and Ins form of 
quantum mechanics. None of these methods i.s, liowever, easy to 


p and Goiulsmit, of Une Speotra, Chap IV, 

+ TIfis subject has already been dipcussed in Chap. VIT, S 17B 
S, RJsLTaml!'^"' ftc««)unt sue H. d.. Aslrophysik, 8, (I), 4io, ni’tiole by 

I W. Heisenhiirp and P. Jordan. Zs. f. Phys„ 37, 2m, 1926. 

H P I^rac, Proc Soo. A, 117, 610, 1928; 118, 851 1928 
W. Pinili. Zs, fPhys., 36, 266, 1926. 
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gnisp aacl physically an.v;hmMi!h” tlinngh they may be logically 
more sound provided the reader has mastered the foundations of 
these logics. In the following the method of Gondsmit and Uhlon- 
beok is followed. 

According to classical electromagnetism, an electric field F mov¬ 
ing with the velocity v produces the magnetic field H, given by 

.(30) 

If an electron, moves in the field of the nnctens of charge Ze^ at 
n distance r, wo have 



Hence we have 


H = 


I ^ 


[r.ol 


Now we have from the ipiantnin conditions j 


m 


ir.t>| == /, - 


!l 

2n 


Hence 


H 


h ^ 
2nmc /•* 


. . (40) 


Now the electron possesses an intrinsic magnetic moment 
(s /</2jt) cime due to, ns we say, its robition about an axis. Hence in 
the magnetic field //, it will undergo a precession with the angular 
velocity 


w„ 


L. IX 

'2mo 2m^e^ r* 2n 



The extra energy duo to this jmecessional motion is given by 
A ir^ (0,;-. .V. cos {I, .v) 


1 . 

2 (2mnc)^ 



sL cos (.s/). 


(42) 


It was found however that this gave double the increment 
required. Thomas* .showed tliat the prece-ssion treated here is 
timt observable in a co-ordinate system in which the electron is at 
rest. Wliat wo want, however, is the precession in a system in 
which the nucleus is at rest and the electron moves with the velocity 


* Thomas, miurn, 117, 514, 1926; Phil. Mag., 7 (.6), 1, 1927. 
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This is known as the Thomas precession. It reduces the 
angular velocity of precession to half its value (wVfe Note 4, Appen¬ 


dix), we have therefore 
ATF=i 


1 


^ • si cos (/ .?). 


(43) 


Again r is not a constant in the gcnoml case of orbit, so we have 
to take its mean value. Wo Imve {vide Chap. XVIII on W^ave 
Mechanics) 

(^\^( Z 1 

A l(l+m+l) ’ lU+m+D* 


is the normal radius of the H-atom, The nuclear charge ^ Ze\ it 
should bo noticed^ occurs because the radius of the electron moving 
round a nucleus with a multiple charge Ze is a^lZ* 

Putting this value in (43), we obtain after some work 


A . . . (44) 


Ordinarily 


A 

cos ,'tf- 


2sl 


beenuse 3 is the resnitnnt of .v and /, but in qimntiiin mechanics, wo 
have the general rule that if ‘« Ms a quantuin number 


rt* =• «(a+l). 

Hence cos a 4= H«(s+!)+«/+!)-/(;■+Dl . . • (46) 

We have to add to (44) the Soramerfeld Relativity Correction 


Av = 


ir 


/-3__ 1,) 

\ 4 » k r 


(46) 


It was shown that for Ze wo should substitute Z+i}. Hence we 
have, for the state («, h j) 

3(3+l)-lil+l)-sis+l) . 3 


s-m] • 


For the term Tin, Z, we find putting s=.i, 3—l+i 

“ »• U» 1+1/ • ■ • • ■ • 

For the term TO?, /, we have putting 
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Honco! we find that for hydroKcn and liydrogoii-like ions 
aft stated in § 178. 

The investigation shows that the hydrogen spectrum is exactly 
similar in nature to the alkali spectrum witli the conditions just given. 
'Che student can now read tlie discussion on .l<^ne-Stvuctur(! given 
in § 178, Chap. VII, 


221. Doubling of Levels in Alkali Spectra. —Wo mentioned 
in 188, about the doubling*of terms in alkali spectrum, m,, all terms 
excepting the 84amily arc doiibio. In the present chapter, wc have 
seen that the doubling is due to the hitoraction of the spin of the 
valence-electron with its orbital moment due to fe-coupling. If we ^ 
assume the core of alkali atoms to behave like a charge e 

wliero .s, is the screening due to the outer shell, then wo can easily 
obtain a quantitative expression for the doubling, V7 g have only to 
substitute for Z in formula) 47', 47^ We thus obtain that 

for a term Thiy /, y==/+ 3r) we Imve 

R{Z-o\^ neiZ-sY (\i 1 \ 

,--U;,-^+r)' • ■(«) 

niid l'or the corapftniou-term !/’(«, wc Imve 

M{Z~ay BaHZ- s.Y /J__ :l \ 


\ 4 m / 


Thus wc have 






-I 


. (fiO) 


where wo use 




10{)765 

(137)» 


B’82 cm* 


Blit though this formula gives a general explanation of the 
doubling, it cannot bo used in this simple form to give us the value 
of (T, we cannot identify a and .vo. It la very dillficnlt to calculate 
the screening duo to the completed shells. It is largely affected by 
the nature of the orbit dosci’ibed by the valency electron, so that 
a varies for different families of terms. This subject will bo’ more 
rigoron.sly treated in a later section. 

'Hk! vaules of .s, obtained for the /j-separations, as calculated 
with the aid of (.hO), are given below for the Li- and Nn-groiips. 




424 


ZEEMAN EFFECT 


IX 


Table S, Av = — 2®P.jt of the Li-group. 


Specfil'um 1 

Li 


B++ 


. 



1 

<1 

•338 

6'6l 

1 

34'1 

107-4 

859-1 

5.0.8'.S 


^0 

i 2‘02 

i .. 

1'94 

1'88 

1-86 

1'84 

1-82 



Table V. Av = ; 

!FP^ -5; 

t”P.j of the Nti-group* 


Spectrum 

Na 

1 Mg+ 

Ar''+ 

Sl+" 

p+4 


01+'’ 

Av{om'’) 

17'2 

91'6 

2M- 

401-8 

794-8 

1207-1 

1889'5 


7*4:5 

G'fiOfi 

6-180 

5-910 

6-741 

5-696 

.5-504 


222. Interpretation of the Land4 g-factor.~l''lu! hypo¬ 
thesis of ‘ rotating electron * enables ns to obtain an insight into tins 
explanation of the Lancle {/-factor for which the correct expression 
was deduced by Landii'from empirical data ns mentioned in § 215. '|?lie 
mathematical treatment* is given below and it further illustrates the 
coupling relation existing between the /-, and s-vectors which 
define the mechanical moments associated with the light-electron. 

Let ns proceed ns in the simple case, and place the atom in a 
magnetic field H, and let us consider the change in the energy of 
H the atom. The atom is now com- 

ple.x, having two types of motion 
given by I and s (sec Fig. 10). Let 
OZ represent the direction of the 
field, and let us draw a sphere of unit 
radius round 0. Let us draw the 
vectors OJ, OL and OS to represent 
the vectors/, /, s and cutting the 
sphere at the points J, L and S. 



Klg. 10. The /j i,>vfiOJop model. 

Then we have empu-ically, according to Landc 




. . . (.51) 


Chap A.. Lniu16, Zemaneffeel md MitUtpleimrukhtr, 
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But the increase o£ energy can also be calculated in the 
following way* The atom, or rather the electrons composing the 
atom, possess two typos of motion, (a) one which endows the atom 
with the mechanical moment A h/2Kj {b) the other wliich gives to it 
the mechanical moment s.ft/2jc. When the atom is placed in the 
magnetic field, it will oxociito a preccssional motion round OZ, and 
there will bo increase in energy duo to each of the two motions. 
According to (IB), the increase in energy due to the /-motion is 
Avi^ —. jll^ ^os (LH) 
and increase duo to n- motion is 

eos (.v.//). 

2itnw 


Ihib from the 1% ;IA (/f/) =-nnd (.s'/J)-ZS. Hence we have 
Av - Av, -h Ava - [1. cos 7A.j+2s. cos ZSJ. 

Wo, Imvo now to take the average values of tlie angles oosZL 
and cos ZS as the atom-magnet with its axis, processes round OZ. 
We find from Fig, 10 with the aid of spherical trigonometry tliat 
cos ZL •= cos JL. 008 ZJ ~ sin JL, sin ZJ. cos ZJL 
and tlm average value of 

cos ZTj =■ cos J L. cos JZ* 


cos ZS ~ eos JS. cos JZ. 
(ill 


(52) 


Similarly, 

Hence we have 

Av « cos ZJ. i; /. cos JL -h 2.V. cos 8J]. 

Comparing this with (51), wo obtain that 
•W [^« oos JL+8s cos J'S]. 

Now according to ordinary mocluinios, 

COS J L ■=• ■'—^ . ..(63) 

But in the now quaiituin mechanics, the square of vector 
rt I ft I* «. «(«+!). Hence wo have 

j(j +1) -I- /(/ -|-1) — .9 (s+1) „ 

- c -- -i -(5(jg 

y(y-l-l)+ s(. 9 + l) - 


COS J L 




Applying tlioso values to (62), and writingyf?'-!-1) for wo obtain 

1 ,7 (y‘-fl)-l'S(s"Hl)^-/(/+!) /p..\ 

„_l+ --- , , , , (64> 

which is Laudd^a oxpreesiop for //. 

F 54 
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In deducing this expression, we have made use of the iissniniition 
that I and 6’ are strongly coupled to eacli other, giving a delinit(i 
and that the external magnetic field is unable to break this coupling. 
Blit the field may be so great that the coupling is more or less 
broken. This phenomenon was discovered by Paschen and Back in 
1012, and is known as the Paseheii-Baak EffenL A sliort ac{^^ullt is 
given in the following section, 


223. The Paschen-Back Effect.—In 1012, while observing fclu^ 
Zeeman effect of the resonance line of lithium, X 6708*2, Pasc.hon 
and Back* found that the results obtained by them were in flagrant 
contradiction with Preston^s rule. 

The line ^6708*2, like all resonance lines of the alkali ohnnonts 
consists of a close doublet l.s-2;;i andLv-2'P2 »< • which coiTCspoiulH 
toDi andD 2 of Sodium. The actual wavelongthsaroX—6707*80,6708, 
Aa= 15, Av=*34cm“‘, According to Preston^s rule, these liuon 
should split up into complex patterns, the longer member splitting into 
four components like Di, and the shorter into six oompoiumts lik<rl)a» 
But the natural separation between tlie linos is so small, that <?v(ni 
with a field of 10,000 Gauss, the normal Zeeman soiiaratiou is 
Av “ —'47cm"* and exceeds the natural distance 

between the comiiononts of the lino ?v 6708. Paschen and Back 
used a field which was about SV2 times larger. Tlu^y found that 
the two lines appeared to merge into a single line wliich gave a normal 
Lorontz-triplet with its jc-compoueut at % - 6707'9, /.i?,, at a distauco 


of I Avnatmui froiii tlio Original longer component towards sliortov 
Xy and the a-components at the theoretical distances elT/innh ou (Midi 
side of the central component. 

Similar anomalous results were obtained for Hot, the Hect)iul iiair 
of lines of the principal series of sodium, m., lA'-3pi, X 3302'94 and 
Is'-Spzi X 5= 3302*34, Av — 5*49cm"* , as well as for the third |)air 
Is —4^1, X2853 031 and 1,9-4^72, X 2852*83, Av ^ 2'49cm'‘* , and alno 
for the oxygen triplet given below 

2p^ 3s ^Sa - 2?/ 3;? ®Pn_ X 3947*438 

^Ps . .. . ^ 3947'628 
^Pi . ... ^ 3947*731 


Av - 1*205 enr* 
Av — *676 cm"* 


and many other narrowmultiplet lines having organic connection with 


* F. Paschen and E. Back, Ann, d, Him,, S9, 920. 1912 
see J-ld, ExpL Pliys^y 22, Chap, I\^ pp, 124—70. 


For (lotnilft 





Description : 

(a) No fiekl 

{!)) 2800 Gauss ; broadenol' tlireo linos. 

(c) 6187 Gauss ; in spite of broaden in)[,Miot separated. 

{(I) 77B8 Gauss ; right edge of the left lines strengtli- 
cned. 

G) lODBO Gaus.s The middle Jt-eompoiuMit of tlio 
iiormul Zeeman triplet, which is ultimately to 
predominate, appears liere for tin 5 first time, and 
gradually strengthens, Tho second line dis¬ 
appears. 

Further splitting of broaden(ul 
lines on the left and of the com¬ 
ponents on tho right. New 
components in tho broadened 
parts on tho left, .Diirnse hroad* 
ening on the right in (//) and (//), 

(i) 31900 Gauss. Components disapptjar, hroaden- 
ings become fain ten', and sej)arato on both sides 
of the middle component. The i-coniponent is 
fully formed, the side comjjoiients (a) are still 
being fornu'd. 


(/) 12770 Gauss 
ifj) '^1B30 „ 

(h) 27880 „ 


r-- 



Hflc^a 

Hf Lai . 

Cu Kctj} 

Cu Xfti 
H f Lr) 

WLas 
W lai 

Hf LiJi, Cu X/3, 
HfZ& 

WL/?i 

W Z./?2 
HfL76 
HfXyi 
Hf Dys 

HfL7S’ " ^ 


Kip. 10. X-i-«y siicctriui) of Ilf. 


\ 30(1 7 8 



Kip. lln. Zi!i‘inaii vfl'ciit ior 
ihcoxypiMi h‘ll)li3t 

mmii, fi!M 7 * 7 {) A. 1111 liN. 
TrfliisUlon from weak lo 
Blronp /lold. 

{Pfwclicn anti Jiucii) 

(p. <I 27 j 
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each other, Lriiics which arc not organically coiinocted did not sho\Y 
this result^ though their wavelengths may be^very close to each other. 

PascliQii and Back concluded from their experiments that the 
departure from Proston^s rule is observable only when Avriorem/ 
is comparable to Avimtaiai. AVhcu the magnetic liold is so strong 
thflt this actually happens it is said to be strong. It is, therefore, 
apparent that the term strong, is only a relative one, for a field of 
i32,000 Gauss which is considered strong for Li emitting \ 6708, 
is weak for the Na-atom emitting the Di, Da lines, for now 
Avmnp./Avncit. 1*6/17='=! oiily. Itencc to observe the Pasolicn- 
Back eftect of Na omitting Di and D 2 , a field at least live times as 
great, ix*y a held of 160,000 Gauss is tiocossary, 

'Pig. 11, taken from a pa])er by Paschon and Back shows how 
complex Zeeman patterns gradually transform, when we iiass fi*oJn 
a Aveak to a strong field, into a LorciitJ^ triplet. 



The Zeeman patterns of the oxygen linos mentioned on page 426 
as the field is gradually increased so as to become strong, arc shown 
in Pig. llnf, Plato X reproduced from an original duo to Back. 

224. Explanation of Paschen^Back Effect.—In §220, we 
have seen that in tlie case of a singlo electron moving in the field of 
an atom core Avith completed shells (as in the case of alkali metals, or 
for aluminium-like elements), the energy level becomes split iipinto 
two levels, on account of the coupling between the Sy and /-vectors. 
The amount of this splitting in frequency units is 

Av A ,v. /. cos si . 

_ 1 ...... ( 55 ) 

n^lil+^)0+lV 


where 
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Let the atom bo placed iti a nia}!;iietic field. The total in- 
ei'emeiit in energy is now 

Av “ (/. eos IH + 2.<f. cos si, cos (s/) 

43te/» 


or 

whei’c 


—=. /cos///+2s cos .■?//+P is. cos .v/ .... (fifi) 

eHlinom 

■' eTT 


p=/// 


/ 4ncm 


We have seen in §222, timt when the coupling between s and / is 
strong, they unite to form a ‘j’ vector. The value of s for a single 
electron is “I; and j=l+i and l-h Corresponding to the twr) 
values of /, the orbit sidits up in two with the energy dilfercnce erjiial 
to that in (50). The additional splitting of each orbit, due to the 
magnetic field, in .such eases, cam bo ealcnlated as described in §212, 
ns was first shown by Lande.* 

But when II is very Inige, (3 is .small, the coupling betwetm 
s and I is broken and the inner quantum number,/ ceases to have 
any meaning. In such eases, the .<? and /-axes process indoi)endontly 
round II, and we can put 

•S' cos (sfl) = Ills , where «/» =« .s, .v-J,... -.v 
I cos {III) ■= nil 1 where wj =-/, I-1, ... —/ 


and cos (si) <=> cos cos (III) 

from spherical trigonometry, and .■?/ cos (si) « . Hcnco we have 

Av = «{; 4-8vn^, 
where p is a small fraction. 

Let us now apply these formulio to the doublet terms in the 
alkali spectra, Mrst, we have to find out the term values without 
the field. This is obtained from the formula (56) 


V .«/. co,s (.f/).. . (67) 

Now the two terms coiTcapond to,;“a/-|-jr,y'='/“ i, and we have 


* A: LaiuUf Zs, f, Pkijs,, 8, 278, 1922, 
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I:loii«fi wn liav(! ,/ “= /+«, v =--= Vo + Alj2 

3 - V =» Vo - /l(/"l-l)/2 

or Av = yl(2/H-;l)/2 

li'or P. .... v = Vo“yl, P„. vt=Vo'l-7\/2 

] a 

Wo liavo Vo = ij(2.Pjj '•l-'Pj ).(58) 

/V'., neutral froqucincy Vo in obtained by atta(»lini|^ tlio wci^^ht 2 
to P;, and tlu^ weight 1 to Pj and finding out tlu^ centres of gravity. 

Tln‘ c.g. \h equal to Vq. 

Kor Dr. V VoH-/i, Dji v -- Vo 8/1/2 

s a 

V - + 2])j). m 

/.Oo, ilu! w(aglit8 of Dj i I)^, arc an 8 : 2. 

The Zooniau splitting for strong fiolds and transition from weak 
to strong fields in the cas(5 of the .s'/Mloubiet of sodium is shoAvu in the 
following diagram (Pig. 12). 

nif wj mj‘f2wi3 



TlK^ oomplole }{i»i*n)Aii iiiaiol fot* 1)| t llnoH of 8oilluii) TrnnHltloi) Frojii wnalt 
(0 Nli'onff Hiild. 


This ligiiro gives a complete symbolic roprosoiitntion oJ: 
Piischon-Back effect. Sj^ is the lower orbit, are the Jiigher 

orbits. Pu v.+yl/2, P, V 4 -yi, so that v, is at thoc.g. oi: the two 

a ^ 

levels, beeaiiso the weight of P^ is 4, wliih; that ol: Pj is 2, 
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In a weak field, Pj breaks up infco 4 magnotic levels having = 
nud P|into two levels having 7)1 dbi* The lower orbit 8 ^. also 
splits into two mdevels m = i. Transitions take i)laoo ao(K)rding to 
the selection rale ± 1 or 0 , so that wo get 4 ooinpoj\( 3 nljS for 

P^ and 6 components for D 2 , Sj Pj ns shown by the central 
arrow scheme. The Jt-and o-compononfcs aro also iiidicatecl, ^Iho bohav* 
lour of the level system in a strong field is shown by the Hclumio to flie 
right. Here the/, 5 -ooupling is broken, and we have to quantise m/r ami 
7 ) 1 ^ separately. For ^pa^ ^ 1, 5 « i, so that we have w?/ 1, 0, — 1, 

andmj 3 = and by their combination we got 6 levels (I, J), ( 0 , |), 
(-1, (1. -i)f (0.-?) {-U-iy The corresponding (mi H- )- 

values are 2, i, 0, 0, -1, - 2 . The two 0 levels coinbino in the position 
of the common c.g. of the level system, so that wo finally got 5 IovoIb, 
Similarly 2 g^ gives ns two magnetic levels (7ni -h 27)1^ ) = J: 1 , Transi¬ 
tions now occur according to the nilo A (mi -h =: 0, dr. 1, giving 

respectively one pair of jc-components and two pairs of a-ooinpononts. If 
the interaction between vectors bo very small, the separation botw( 3 on tho 
two components of the same pair is very small, ami tho linos rcMlnoo to 
normal Zeeman pattern. 

The position of the central line Is given by vDi f.^iAVo or 
vI>2‘"iAvo, where Avn, denotes tlu? natural sepuratioii bptw( 3 en 
andD^. The two a-components for strong ftolclH are sitnated 
symmetrically from it at a distance of Avf^oi.^3,i(;j,, 
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CHAPTER XI 


ITIE X-IIAY SPlCGl'RxV OF EUCMISN'i:S 

22 5. Introduction.— In Chapter VI, we have given a preli¬ 
minary aecotint of the discovery of characteristic X-rays of elements, 
and ol: Mosehiy’s measiireiiient ot their wavelengths. In this 
chaptcji’, wo .sliatl make a detailed study of these spectra, since they 
are iiiclispenHable for affording knowledge of the strnctiu’e of atoms. 
The pioneering work of .Mosiiley on the K-spectrum extended from 
Ca to Zn. After the premature death of Moseley in the Great 
World War, the work was cliieHy carried out by Siegbahn in his 
laboratory at the universities of Luixd and IJpsala in Sweden. At 
the pi'osont time, the data are comi)letoly known np to U f)2; 
for U, XICa MCI A units. For lighter elements, data arc now 
available np to Li. Work at both extremes requires special apparatus. 
'I’ho rePcsroucos to these works Avill be found in table 2, compiled 
clucdy from LindlVs Hniullmah d. (^rprjdmiilfdphjsili, 24-/2 and 
Siogbahn’s Spekiroskopie der Rmtpi'.iiHirdktm (IDJil). 

226. Survey of Experimental Data.—In the case of 
<!lemoiit.s Oa to Zu, Moseley found that tlie spectrum consists of two 
close doublets Kai, Kus, and another line on the short wavelength 
side culled by him IQ. VYlion elements of higher atomic weight 
were oxamined, a larger number of lines wore obtained which wore 
designated by the symbols IQ,, K-y.. etc. ..... Be.sides these, 
a tmmbor of faint lines are found to n))penr, on the short wavelength 


/ 

'V>_ 










1, Till'Htniotuns of K"H|n*<!irnni. 

side of the. main lines, when long exposures are given. They are 
known as mldlilOH to the main lines. A diagrammatio sketch of the 
chief linos and of their .satellites is given in Fig. 1. 

l.-il 
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Moseley photograph of the K-spootruni, reprocliic^od in 2, 

showed clearly tliiit tlic <4mr'- 
ucteristio Hues of (^Itarieuts 
were not arranged liaplnr/nrdly 
as in optical specira^ hid 
followed some r(;gular laws. 
Moseioy found that 



/ 


Z- 1 (approxinndoly) 


any 
Til 0 


Klg. j»hoi«ifmpl« of 

K'iipQotrn of olotnonU., 


V 

Jii 

whore v=frcqii(>iu!.v of 
of the Ka-litios. 
agreement of tbi« ('inia’i’iciiil 
rule with experimental (lata Ik 
shown in table I where Vn 
stands for the Ilydborg 
constant i?. 


Table 1, Shoiring 7, oc \l v/’( /or K-ttema of Elenienia 


from Ca to Zn. 



Klein eiit 

XinA.U. 




0 


V, 


Klonient 

1 in A. U. 

V, 


■ 

■ 









< 




20 

Cn 

a...3'867 

p...3'n86 

19-00 j 

26 


a,., 1-945 

24-09 






p... 1-706 


21 

Sc 

, ., 





22 

Ti 

a... 2-760 
p... 2-628 

20-99 

27 

Co 

a...l-794 
p... 1-636 

20-06 

23 

Va 

a... 2-621 
p... 2-802 

21-96 

28 

Ni 

a... 1*664 
p... 1-604 

27*04 

24 

Cr 

i 

a . .2-296 
p...2088 

22-98 

29 

Cu 

a... 1-648 
p... 1*408 

28*01 

26 

\ 

! Mu 

1 

a ..2-117 

P 1 -923 

23-99 

30 

Za 

a... 1-446 

P ... 

29*01 


It has been the practice to represent a ^/~ against ntoinio num¬ 
ber graplncnlly. These curves are known ns Moseley Gunes for the 
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lines. Such curves for K«„ Ko„ K^„ K/s,,—due to Siegbnhn foi 
elements Zu to Pt are shown in Pig. 3. 

It will be seen that the curves 

arc very nearly straight lines, of ~ ’ i j. 

which the two for oi, 02 and those . yr 

for pi, P 2 arc very close, and they ' +y 

approach each other continually ; 7 o ^ _ Jy _ 

as we proceed towards lighter ' I/ fj 

elements. In fact the oi, 02 - ^ ' II !/ 

curves coincide beyond Zn and the - H n 

Pi, P 2 linos beyond So. Pnrther, ' N/au — 

these ciirvc.s make our ideas - III 

rcgnrding the origin of X-ray ' H 

speotrii and their relation with goL_ H ■ n _ 

the Jintural system of elements * H H 

particularly clear. It is seen that i u H 
in I’espect of omission of cliarac- - II II 
terisfcio X-ray lines, there is not a [ ill! 

trace of periodicity, So the outer ■ H H 
electrons of H H 

atoms which ^_ ' // // _ 

dot o r in i n 0 ' * ! H 

their p 0 r i 0 - ' ! 

di 

tics have no- 

thing to do . JJ !/ 

with X-ray - y I 

sp o c t ra. - JiA _ 

Moreover,'WO - ^ / 

obsei‘vc that ” tr I 

the liardnoss - U // 

of the rays 35 ... 

increnses wni- , fi^ 

formly with - Jj^ 

the inorcasG / A _ 

of the nn- . 

clear charge. V A 

The coiiolu- -I I 

Bioii tliorcforo 2fi — LLLUJJJJJJJJ —LLU—lx-lx 

Biun UIULIOXU 

is that X-ray Zn Se Sr Mo Pd SnTc Ba Nd Gd Er Hf 

Pip 0,-Moseley ourvoB fgr l^-sor|cd of ^lopionWt I, 
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sjiectra must be associated with the electrons very close to the 
nucleus, We shall retimn to this question later on. 

It was found from the nature of these cnrve.s that generally 

^^Ii = A{Z-s) 

where A = //3/2 for Ka, 2//273 for Ki3, s isa frnction very nearly 
equal to unity. From this empirical relation, it follows that 

v„ = ji] 

It should be remembered that thca(! rules an- (Hupirioal, and not 
exact ns in optical spectra. 

227. Origin of Characteristic Lines.—^^riie.se |■ormul^o at 
once suggested tlie following explanation ; Tim Ka-lino is due to 
the quantum jumps of an electron moving in tlio (lekl of a ecntral 
charge of (, 2 ?-units, from an orbit in which n ■==. 2 to one in whieli 
?z==l. But how is this process rendered possible in an atom? It 
is’clear that the electron whoso jumpgivas rise to tlKvKai,aj line nm.st 
be an inner electron, so that to work out tlie idea more pr(KiiHely we 
must have a working hypothesis of tho elootron structure of tlm a tom. 
The experiments of Eiithorford on largo angle acattoring of a-rays 
show that tho atom consists of a central po.sitivo charge Zp suitou luled 
by 2 electrons. Fi'om tho very beginning, it lias boon as-sumed that 
tliese electrons are arranged in dilToront layora or shells, each hIioU 
conttiimng a, definite mmher oi electrons. At rh’.st attempts wore 
made to And out the number of electrons required to fill ui> a 
shell fi’om classical dynamical conditions of stability of rings of 
electrons,* but ultimately empirical methods based oji physical 
considerations were found to be more suitable, llydberg found 
that the atomic numbers of tho inert gases satisfy th (5 following 
remarkable relation 


2 

10 

18 

3(1 

54 

8(J 

He 

Ne 

A 

Kr 

Xc 

Ell 

^ = 2(1* -h 

2* + 2* 

+ 3* 

+ 3* -h 

4*) 


^ 3^’om this observation, it was oonoluded that ti layer consisting 
of 2, 8, 8,18,1 8, 32 electrons forms a stable system. Tho imierinost 
* Vide A. H. Compton. X-rays ami Bloctroas, 80, 
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layer was supposed to consist of 2, the next of 8, the next one of 
18 electrons,.,.. Tlic picture ol: the constitution of inert ft'asos 
according to tins view is given on ])age Uh!) 5). 

Tiio alkali metals are formed when there is one excess electron 
added to tlm closed layers, 

AVith this inodeh let iis now consider the motion of iin electron 
in t!ie innermost shell of any, say the Argon atom. 

This electron m<)vc.s in the field diuj to tlic central cliurge wliich 
is counterbalanced by tlio forces of roptilsion due to tlic otlior 
oloctvo)Ls, As most of the electrons excepting those whicli arc in 
its own shell are external to it, and are distributed ahnost symmo- 
trioally in the S])ace about it, tluj forco>s of repulsion very nearly 
caucol'oacli other. The net force may bo represented by {Z- a)e^jr^ 
wliere cr is known as the mxmmu (tomlant for the innermost 
(‘lectron, av^jr^ re])rcsonts the ,snm total of the ropiilsivc forces duo to 
the electron.s, If now the total quantum number n of the orbit be taken 
as unity, the energy of the electron, according to the Bohr theory 

^ - /JtJ. ^ext consider an electron in the next level I^or 

this electron the screening constant o' is much larger, for the elec¬ 
trons in the first shell all repel it. The scrcouing is augmented 
further by the electrons in its own shell can neglect tlie cilhet 
of olcctrons wliich arc in the outer sliclls. The net cfPeot is that 
the electron may be supposed to revolve under a central force of 
{Z- o^)e^lr'^ where a is differont from o and is larger, If now the 
total quantum number of the orbit is 2, its energy, according to 

Bohr^s theory is - ^ , 

Hence if an (dectron jiimi>s from the shell (2) to the nholl (1), 
the energy radiated will have the frequency 


( 1 ) 


{Z^oY (Z-oY 

. 

If wc put a o', it I’othiocs to Moseley’s form, Bnt Moseley’s 
form Wfts only a first npproxinintion ns is iii)paront from table 1, 
nnd iinist bo discnrcleci now for more precise formtilntiojis. Fiirtner, 
it is also appni’ont that the above exidaliation is only partially 
correct, for it does not explain why there ni’o two IC-linos, im., 
Kcti and Kaj both being duo to the jump of tlie oleoti’on fi'om the 
second to the first shell. But it tells ns definitely that for the motion 
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of electrons in the innermost shelli the total quantum number n nitiaf, 
be assumed to be 1, foi- the electrons in the next shell, n must hern thr 
value 2, and similar oonsldorations of the origin of tho Kp-lines show 
that it is due to the jump of an electron from a shell in which n «-• Ji. 

The discovery of this fact enables us to give mathomaticnl 
precision to the hitherto hypothetical shells of electrons, 'riio 
innermost .shell, which is composed of electrons for which n — 1 may 
be called the K-shell. The next one having = 2 is known ns tint 
L-shell, and so on. We can designate the.shells having n = 3, 4, h, 
.... by the successive letters of the alphabet M, N, O, P . .. , U'he 
K«-lines are due to the transition of the electron from L->K, tho K/J 
from M-^K as illustrated in Pig. 4. 

One dilflculty in the above explanation might have suggosbul 
itself to the reader. As the number of electrons in an atom is 
, limited, the number of electrons 

itltfiJl nlon nntlxl In, 




' 'limit ^^>^0 must Iw 

limited^ otherwise there cmi 
bo no stability, Henco thn 
Iransilionof an electron from 
L to Kis pomhlo only whon 
^ ICdevd has already lost 

one electron. Those views nr(^ 

. . r . r ,1 V II supported by the work on tho 

oxcitation potentials of charac¬ 
teristic X-rays (§231) and on the absorption-spectra of X-rays (§220). 
In the figure above the dotted circle represents the level at infinite din- 
tance. In order that the K-spoctra bp emitted, an electron must first 
pass fi’om K-level to this dotted level, as shown by the fourth urrow. 


Pig, 4,—Tho origin of olioroolorladn X-ray llnca. 


228. The L-Spectrum of Elements.—Moseley found only n 
few lines in tho L-spectmm of elements, but Siogbahn who made it 
tho special subject of his study in liis laboratory found no less tlum 
13 lines in the spectra of 48 elements from 30 Zn to 92 U. 'rhe 
number is found still further to iiicreaso wlicu exposures are of 
longer duration. The figures given below show actual photo¬ 
graphs (Pig. 6), and diagrammatic representation of the L-linos of 
certain elements (Pig. 6«.). 

The strongest line is the aj, which is followed by a weak 
satellite as outlie longer wavelength side. 7Ms the Iongo.st lino; 
both I and are ratheiv faint and were discovered by Siegbahn, 
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The |3-group consists of Ji number of lines of which the strongest is 
denoted by Pi. Similarly the strongest in the Y-groiip is denoted by 



5.-Tho of W, {Siagbuhn), 

Yi. The nomcnolatiire has undergone rather rapid changes, but is 
more or less fixed now (see Chart on p. 447). 


>? CtiOil 


X.U 


1423’48 


It is neoclless to dwell on the regularities in the L-spectrum 
at this place, as the discussioji will be rendered easier after we have 
considered the absorption X-ray spectra of elements* Moseley who 
got only a few strong lines found that their frequencies could be 
roughly represented by the formula 

...... ( 2 ) 

according to which the wavelengtli of any line in the same series 
should increase inversely as the square of the atomic number of 
elements. The approximate correctnesa of this formula is very clearly 
exhibited by the schematic representation in Fig. 6. In this the rela¬ 
tive positions of lines of the elements from 92 II to 11 Na in the K, 
L, M, N series have been shown on the Avavelength scale. The lines 
belonging to the same series branch out in a parabolic curve. 

Tlie explanation which is suggested by this formula (2) is quite 
obvious. The L-lines are due to^tho transition of an electron from 
the M and N-levels to the L-level. But except for this broad fact, 
no further conclusion can be derived from (2). The multiplicity of 
linos in the L-speotrum shows that both M and N-levels are 
capable of being divided further into mb-levels. 
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A table of wavelengths of the L-sorics is gm.n at Uu. 
end of tins chapter, where the references to the smirces ar-j! given.^ 
The M andN-scrics were discovered in tlio ease of the lieuviost 
elements by Siegbahn, and lAs piipil-s. 'rhey are respectively dno to 
transitions (3-4) and (4-5) of ^-values. For details, see Lindh 
or Siegbahn j loc. cii\ 



0.~SohcTiiotifl represisntftHon of X-i'fiy IIii«h foi* olunicnlH U to Xr. 

229, Absorption-Spectra of X-rays*—^Tliougli the absorp¬ 
tion of X-rays was extensively studied by Barkla by the ionisation 
method, the study of the absorption spectra of X-rays with the newly 
discovered methods of X-ray spectroscopy was Arab made by 
Wagner* and De Broglie*t The experiments are quite analogous 
to the corresponding optical experiments. A beam of continuous 
X-rays (or wliite X-ray>s) is allowed to pass through a lilin of the 
substance whose absorption spectra is to be examined and the 
ti’ansmitted X-rays are analysed in a speoti’ometer. Tlie spooU^o- 
meter used is of tlie Seemann (Wedge) type, so that photograph of a 
wide region can be taken on the same plate at one exposure. 


* Wagner/ d. P/w/s,, 46, 868,1915, 
f Be Broglie^ Gom2h mnd,, 163, 87, 1916. 
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JJimimm of resulis. The nature of absorption X-ray spectra 
is found to be quite dilforent from what is obtained in the optieal 
rc/^lon. There is no trace of monochromaiic almrpHon corresjmiding 
to the emission lines Kah^v orK/3, but an absorption edge appears 
in the position of the limit ol: the K-series, vi%., at the wavelength 
corresponding to v ^ {Z--(sYR jl'K This is illustrated in Fig* 7 
wliich is reproduced from a pliotograpli taken by AVagner. 



Nxidauation of the PJiolOfjraplis.-^Tho photographs are ovlghial iicga- 
tivns. In those exporiinonlis, three tinn parallol strips of Od (18), Ag (47) 
t\ucl Fd (4h) wlut'.h ave (hvoo 
siujcossivo oloiuejilis In the 
piM'iodit? cdiis.si(k‘atlon wore 
keptheforo Uio photograpld{t 
nt a small dishiin'o 
from it, wilh sf)iue spare 
bcq.woon the strips. The 
imrtH covered l)y the strips 
an? indioal('<l by Cd, Ag, 

Pfl written against them. 

Wo find that litere is no 
line ahsorplhm but sharp 
(liMontinuities oemr in the 
inlmaily of the bmstnilled 
heri 7 n al eminin points, Tlioso 
arc known as ahsorplion 

dihVonlinuUks or absorption educs. Beginning from Pd, wo recognise the 
shnvp (djHorption edg(^ at tlm hounding linos between black to the right and 
whitn to tholoft. The black.parts denote that the X-rnya corresponding to 
til OHO wuYolciigths are trnnsmittod copiously, but as wo come to the 
diHContinuity, absorption snddonly sets in and very little X-rays of 
thiH and shorter wavchnigths arc transmitted, so no blackening is 
produced; but after somn distance, X-rays again begin to bo transmitted 
thmvigirtlie plal(3«, I'hosaino feature is roiioatod witli Ag and Cd-plato.s, 
hut MOW lluMihsorption edge is shitted towards t)m left [short imvelmgih 
side). In the jiarts wlucli are freely transmitted for Pd, cliscontinnity 
(!()iiioi<lent in position with the Ag-edgo is noticed, This is due to the 
silvtii in tlm pliotographie jilato. As X-rays to the left of the absorption 
edg'o are more intensely absorbed (by Cd), the lilackoning is more intense 
on this side. Tlie sliglit (jontrast is dim to ovor-expoanro, 


Ag 


Fl|f. 7. -K-Alwoi'i»Uon tulffuu for IM. A{f, Cd, 


230. Explanation of the Ab$orption Edge,—The absorption 
cdg;o observed iu X-rays is epute siinilai' to tho absorption edge 
appearing at the limit of tho principal scries of sodium and other 
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alkali elements {vide § 182). We have seen that the absorption 
edge in the optical spectrum of sodium denotes a physical process 
in which the valency electron is split off from the sodium atom 
under the influence of incident quanta, when light of frequency 
falls on the atom and is absorbed, the electron acquires ciiergy 
and is split off from the atom* The process may be symbolically 
written as follows:— 


Na + AVo = + e 

" When V > v^, the electron is split off with the kinetic eiujrgy 
1 The absorption edge thus indicates the beginning 

of photo-ionisation of the atoms due to the ejection of the valency 
electron under the influence of light of suitable wavelength, 

The absorption edge observed in X-rays is also similnrly 
explained* It corresponds to the photoelectric ejection of an electron 
from the K-shelL The process can be written as j— 

Na+A vk = Na'*'(K) +c 

Na"^ (K) indicates that tlie ionisation is in tlio K-shcll oi- one 
K-electron has been ejected by the incident quantum, vk is tho 
frequency of the absorption edge. 

The rainunum frequency at which this process can occur must 
correspond to the energy >vith which an electron is bound in tho K- 
shell vix,, to — EjRh — {Z—ay /l^, Hence we have 

Vk ^iZ-oY ,—^ 

-B ^® 

W]iy there is no line absorption of X-rays ? Lot us now see 
why we do not obtain any line absorption corresponding to the 
charaotewstic K-emissiou lines, as in optical spectra. In the 
emission of Ka an electron falls from the L-shell to the K-sholl. 
Absorption of Ka would he possible only if an electron from the 
K-shell could pass, as a result of increase of onorgy due to ahsorj)- 
tion, to the L-shell. As experiments have not yet revealed any such 
^sorption Ime, we are led to infer that in the ordinni'y atom, tho 
K-electron is prevented by certain unforeseen ou-enmstanoes, even 
Wien Its energy is increased by an appropriate amount, to pass to 
the L or any other higher shell. But ^hat pan these circuDistances 
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be ? The answer is that each fihcM has [jot assigned to it a definite 
quota of electrons^ ami as tliG shells are ordinarily fiill^ they cannot 
receive any further electron. Hence no absorption of any 
characteristic line is possible. The coutimions absorption 
beginning at the K“lhnit shows that the K-clectron, as a result of 
absorption of light, passes to infinity where the sliolls no longer exist. 
Absorption beyond the edge indicates that the K-olectrou passes 
to infinity with the energy given by Einstein^s photo-olectric 0 ((i!atiou 

It is further to bo noted that eacli element gives only one 
K-absorption edge. This loads to the eoncinsion that the K-levels 
are absolutely single. 


231, Mechanism of Emission—Excitation Potential of 
Characteristic X-ray Lines,— T\\q idea that each shell can eouXain 
a definite nunihm^ of eketrons and cannot accommodate more than 
this number i.s very fundamental for atomic physics^ and elonrs up 
many other points regarding emission as well. The Ka-linc is due 
to tlio jump of an electron from the I-/-slmll to the K-sliell, but this is 
clearly impossible nnless the K-shell has already lost one eleclrom 
If the K-sholl retained its full quota of electrons, there would bo no 
omission of characteristic IC-Huos, In other words, IE wo want to 
obtain the characteristic K-liues in emission, a necessary eondiiion is 
that a K^eleatron viusi he i^eeled first That this is actually the 
case was first proved experimentally by Webster, and later verified 
by Wooten,* Jfinsout and others. 


In Webstei^sl experiment, the expovimontal tube was of the Cooliclgo 
pattern, provided witli a Rhodium anticathodo. The electrons were 
accelerated from a battery of 20160 lend accumulators so tliat the voltage 
could be varied accurately in small stops. The apparatus used was a 
Brngg-ionisation apoctromotor with a Oalospar crystal, and sot to the 
Ka-lino of Rh, It was found, as the voltage was varied, that this my was 
not obtained oven when the potential was raised to the value corrosponding 
to tlio cniifiHion frequency of Ka as given by the Einstein oquatioji 


V w or V ^ Kilovolts , . . , (3) 

XiiiA.U, ^ 

Since Rh Ka X ^ 612, X. Unils, 21 kilovolts nearly, 


* AVooteii, Phys, Uet\, 13, 71, 10) 0, 
t J6nson, Zsff Phys,, 43, 845,1925, 
i Webster, Phys, ikv,, 9, 220, 1917, 
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The intensity olitaiiied at lower potonthils was wholly duo to the 
continuous radiation. If the voltage be now gradually vai«cul over this 

value, then the intensity of the 
lino rises linearly with the voltage, 
as shown in Pig. 8. 

But when a value of 28'B Kvs 
is reached, the eurvo is suddenly 
found to jump ui)warcls, as shown 
in Pig. 8, The causo of this 
sudden increas(5 is the (Muission of 
tho charaotovistio Ihu' in addition to 
the g( 3 noral radiation of tlie namo 
wavelength already pr<^sent there. 



2&‘5 


21 5 22-5 23*5 

potential in Kr.- > 

Mg. 8,—Excitation onC'i'aatnllon (nli). 

We can now plot tlie intensity of the cliaractoristlc Kaiaa 
doublet against the impressed voltage. This is shown in l''ig. IK 
For this purpose, the voltage 
is taken as abscissa, and tlie differ¬ 
ence between the ordinate values of 
the curved part (the actual ciu've) 
and the straight part (obtained by 
prolonging the earlier part of the 
curve mdicated by dots in Kg. 8.) 
as ordinate. This repesents the 
aekial intenHty of the characteiisUo 
line. Curve Ai obtained in this 
way gives us the intensity of 
Kai, a 2 . Curve Ag shows the 
variation of intensity of the Kp-linc 



VJg, 0.-lnton»lty \nrtuUon of Ka, lliicx 
wUli exollAtlon yoIIako. (Ciirvti 

AjZsKtt, 


obtained by the same procedure. It Is seen that the two curves meet 
the abscissa at a point which is about 23*3 kV and this corrosponds, 
as application of equ, (3) shows, to the wavelength ?v «« *533A.IJ< 
which is the absorption edge of the K-spectriun of rhodium, I<Voiu 
this experiment the following conclusions can be drawn i~ 

(1) The ICaittg and KjS lines in the E-spectrum nro omitted at 
one and the same oharaotori,stic voltage. 

(2) The value of this voltage corresponds to the absorption edge 

of the K-spcctriim. 

These experiments therefore prove that an electron innst bo 
removed from the E-shell, before the ICa-linc or any other 
characteristic line can be emitted. When this is done, all the lines 
gf the K-spectiuim appear simultaneously, 
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232. The L-absorption Spectrum.—^AVhen the X-ray absorp¬ 
tion spectrum of an olcmont is taken in its L-region, it is found as 
in the IC-spec- edges 

triim, that tlicre r' 
is no absorption 
eorrespondingto 
the L-oniission TL ; 
lines, but now 
Ihm'. (il/sorpiiou 
adf/es, arc found. 

They are deno- oi(l2or<l. l 

ted by Ivi, 1^2, lUif. io.- i..»ii»ori>u«ii or'I'l. 



t t 

AkK BrK 


■ei.uj. .uu uc.m- jj ^ 

ted by Ivi, 1 ^ 2 , lUif. io.- i..»ii»ori>u«ii or ti. 

Ly in the order of their v-valtios. Their positions with respect 
to the L-lines nio shown in the following diagram (Ji'ig. .11) and an 
actual photograph* due to Sandstroin of the L-absorption edges of 
Tl is reproduced in Fig. 10, 

It is found that the absorption edges Vi, Vy, Vy of the elements 
can be represented by formuliu of the typo 

V^Vj^/iS = Z~ax,, /a, “ Z~<si.j2 , \/vi.Jr=^ 


Here a, , a, 

Jj, 


are known as tlic screening constants for 


the Li, Lyt Ly sublevels. 

'i'hosc L-absorption edges can be interpreted in the same way as 
, /lb«orp(t()H v'ijKclfum tlio K-edge. They 

_ iedieaUi the photo- 

! I ; of. the electron from 

i ^ \ Ibc li-sliell, for 

I winch vt“>2. .13nt the 

I I ex])erimont ahoAV.s 

I "* ■ ■ I I [ that when u«=a2, the 

l' 1 i ! ejection can take 

^ X-... i ] : tViuy/mr .s>rw.n.m place in 3 difTcrent 

—j-iiT—-i-iTi—T-ir: ways, or another 

alternative vioAV is 

Fig. ll.-flohciiiAtli) ro|ir««cnl»lloii of I,-Bl»«oriUloii cilgcn »nd that tllG L-sIloll iS 

capable of further subdivision info three sublevels ns shown in Fig. 11.' 


Fjg. ili—floIjtiinAtIo roi 


iCm Iff.s Imr Sjff'ft r ft «i 


II I . _ —r-. 1^. ^li ' ^ 


* Snndstrom, Zs. f. Phjia., 66, 632,1,{130. 
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Similarly, tlio M-absorpfcioii spectrum has been also studied 
for U and found to consist of five different edges 
which were at first denoted by Mi, Ma, Mi, Ms 
in the decreasing order of their v-values. Fig. V2 
shows a photograph of M-absorption edge for IT 
reproduced from that due to Coster.* 

Tables of L and M-absorption edges, in wavelength 
and frequency units are given in the appendix. 



KJfr. n. 

M-n'b8orj»tloii cdt'c 
qr u. 


23 3♦ Absorption Levels and Origin of Lines.—The insuffi- 
cieiioy of Moseley^s explanation of the origin of characteristio X«ray 
lines was first pointed out by Kossel,* who coiiclnded from Moseley's 
measurements, that though the frequencies of lines should be regard¬ 
ed as difference between term values, as Rydberg had shown for 
optical lines, these term values are not always represented by 
equations of the Moseley type. He observed that the frequency of 
tlie K/S line can be expressed as the sum of the frequencies of Kot 
and La-liiies, that is 

V V "h V 

, K/3 Ka ‘ 

exactly, and from this fact, he concluded that generally 

^Ka == Vk - V,,, Vk/ 5 === Vjc - V^, Vjcy -- Vjc - Vj^, Otc- 


where h denotes the energy required to remove an electron from 
the K-shell to infinity, and Vf,, have similar meaning. 

After the discovery of the absorption edges, the values of 
Vk s and could bo obtained directly from experiments. 

it was found that the v's of K^i and K^a were respectively equal 


to Vk-' and V|c v,^^. There h no Hue having the frequency 
Vk Vj^i* These facts are represented in the following diagram 


(Fig. 13), 

Similarly, Kp which for heavy elements 
was found to be a close doublet arises from 
transition from Mu and Mg to K. No lines 
corresponding to tonsition from (Mi, M^, Ms) 
to K were found, K/s, was found single on 
account of the small difference m the value of 
Ma and M 2 , but when greater resolving power 
is used it is found to be double. 



K 


i! 


Fig IS,—TIjo forbidden 
(K- I.,) tranBUlon* 


* Coster^ Phps, Eev,^ 19, 20| 1922^ 
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OrigDi of the L-specirum* Some of the .strougei* L-Hnen are 
certainly duo to transitions from the Mdcvels to tlie Ldcvcls. If all 
timsitions were available, there would bo altogether IG linos, while 
only 7 lines were foiincL The origin of the 7 linos according to tlie 
energy level diagrams is shown below (h^ig* 14), 

234, Explanation of the Origin of X-ray Lines* —^Thc Fact 
that there are no lines corresponding to (^tc.shows tliat 



Flg< 14.-Chari showing iho Origin of ICtL, K, X-vay IlnoH, 


there ia some aeleotion principle which limits the possible toinsltionifi 
The full oxphinatlon is clue to Pauli. He showed that the 
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are fully explained if it be supposed that to the snb-lcvols wo ascribe 
the same quantum characteristics as to the optical levels of alkali 
elements {vide p. 379). This is illustrated in column,s 2, 3 and 4 to 
the right of Fig. 14. 

Thus K is denoted by Is. This means that for v=l, /.;==!, 

This is also othenvise evident, for if «=1, k must be 1 according to 
Sommorfeld's theory. 

Li is denoted by 2s. This explains why there are no linos 
corresponding to Li-^Kj. This is forbidden by the .selection 
pruiciple that A/c must be equal to d;l. Ijj and La are represented 
by 2pt and 2 ^ 2 , lc=2,j~i, § respectively for L 2 and La. 

In a similar way, Mi may be denoted by 3.9, M 3 and Mu by 
3 j 3 i, ; Ml, Mfi by Mz> The L-group of lines can thus be 

divided into three raultiplets as shown. Hei*c we have to add tlio 
additional rule that Ay = il, or 0; Ay dc2, iS ..., etc., are 
forbidden. 

The analogy with the levels of the alkali elements is therefore 
coirqilete, and oan be extended to M and N-levols wherever those are 
complete. The full scheme of X-ray lines (diagrammatic) with their 
present commonly accepted notation of terras for Tungsten is shown 
in the above diagram (Fig. 14). The corresponding key diagram 
for notations is represented in Fig. 15. It is customary to denote 
the various lines belonging to a particular aeries by the Greek letters, 
cts, ..., pi, P 2 ... I Yi> Va, •»*1 Ti, / ... whore the subscriiits of 
increasing values denote gradually weaker components. 

235. Survey of the Term-values. The Regular and 
Irregular Doublet Laws.— We have referred in §226 to the 
preliminary work of Moseley who showed that ^/v jlt for the 
characteristic lines is a function of the atomic number Z. This has 
been illustrated in Fig. 8 . Since tlie frequency of a line is the 
difference between energy-values in two states of the atom, the 
term-values are important for all problems of atomic physics and 
it is necessary to take a survey of them. These term-values can 
in most cases be obtained from the values of the absorption edges, 
but it has been found that in many cases the absorption edges have 
complex structure (fine stouoture, see infra). Hence it has now 
become customary to calculate the' values of the edges from the 
wavelength of the characteristic lines with the aid of the prinoiplo 
of combination, but the value of one or two, absorption ecl^GS at 



Kljfi 15 .-Tlio ltt?y ilfftgrnm of no lotion# of X-rny Uucb. 

Each pair of liiKiH Hi'iBinf? from (imiisitioiiB botwooii tlio simio inHIal 
lovoL ami two tlllibivnt Hiiiil lovcia Imvini? tbo samo n^ li but cluicroiit,;, or 
•irm vma ara kiiowii fw \h<c^ relalmiy donhhl. Tlio pairs ol: Buoh lines are 
onolosod ill separalo reotnnglee. Tnoaoin doitocl reotangles are (;luo tp 
forbklclcn trnnfiitions. 
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least must be accurately known. Generally the K-absorption ed^'C 
is taken, but in the case of heavy elements, the L^-edge is also 
taken as the starting point, 

We illustrate the calculation by taking the case of U. Here start 
was made with the value of the hi -level, Avliich was obtained from 
measurement of the absorption edge. We thus have hi =»1264’3. Again 
''iw, ■=■ K-La Hiul =K~L 2 , Hence L^-Lj = »278.'6 

from the known frectuency interval between the Kaj, Ka^ lines. Thoroforo 
L 2 = 1264,‘2 4'278'o ==> 16d2’7. Further Li is experitnentally cloterniined 
from the absorption limit as 1602'6. Tlie tliree L-levels Li, L 2 t Hg are 
thus (leterniiued. !Now taking these values and with the aid of difleront 
LJines Avliich arise due to transitions, we can calculate tlio term- 

values for various M-lovels. The successive steps are ,shown below 

L 3 — 12642, ,, absorption limit experi¬ 

mentally dotermincd* 

Lj - Lj =» 278'6.., AV =» Vjja, - V oxpe- 

rimentally dotonnined, 

L 2 ^ 1264*2 + 278*6 1642*7,, . can be determined ex¬ 

perimentally as well, 

Li «=» 1602’6.,, absorption limit experi¬ 

mentally delerminod. 


Ml « -Ti=.16m - 

1134'2 « 408-6, 


. exp. 

determined. 

• =Hg - i =1264'2 - 

856-7 ■= 408-5 . 

,.Vj . 


}i 

^ Li P 4«1602*6 — 

1220-8 => 381-8 . 



)) 

M3 =Li ‘-Pa^ 1602*6 

1286-7 = 318-9 . 



ji 

M4-L2 --P 1-1642*7 -- 

1268-8 = 274-4 . 


« • 

n 

— L3 *—ct 2 *=1264*2 — 

989-9 = 274-3 . 

.•Va, • 

i 9 )) 

f) 

M5 — L3 — (X| —1264*2 — 

1002-8 = 201-4 , 

.•V,, . 

1 $ 


The values can further 

be cheoketl by 

testing 

them 

with other 


combinations. 

The values of Hdevels cun be obtained by taking either the M-valucs 
as starting points, and utilising the frequencies of MJines, or taking the 
L-lovols, and utilizing the frequencies of L-e-N lines. Similarly wo can 
also oalouhite' the values of tlie O-loyels, Some of these calculations are 
illustrated below 

'N] =s Y6 1642*7~1436’8 105*9 ,,. ,. exp, determined 

- La --Pfi - 12C4*2^n68'2 106*0 -,. „ 

Ng ==^L:-^Y2 f602’6--1609*1 93*5,., „ 
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Na 

« r„_Y 3 « :ino2‘6-1520-2 = 

76-<l.. 

• Vy, ■ 

.. oxp, determined 

N„ 

=, Lj-Y, = irKl2-7-l<185-2 ■= 

57-5. 

. . Vy, . 

■ * i» »} 

Ns 

- r.j-Pa - I20'f2-I21(Vl - 

54-1., 

• V/J, . 

* * » 

0 , 

« Tjj-Ya “ 15427-1519-5 = 

28-2.. 

, . Vy, . 

• * )f >1 

Oj 

« Li~Yi “ 1002-0-1588-7 » 

18-9 . , 

, . Vy, . 

* ♦ i» 


A compvolioiiBivn Imt of tho t(u‘m-valnos forK, Li, and Mi 
M jj, Ma, M-i, MrrlavclH of oloinenta from 92U to 4Bo have been eolloc" 
t<‘(l in tivblo 2, whom tlio HonrocR am montionod. Inonao of liglitcr 
(4oin(’nt« only a fow data arc available, aa in their case absorption 
(’di^OH and omiHsion liin^s have not boon gjenerally dotorminod oxceiit 
for a few, an they occur in very soft region. Eecontly some 









Table 2,—Level values of Elements, 
[a^-yjR, &=n/v7F1 


Atomic 

number 

Element 

K 

L, 

La 

La 

92 

u 

a 

1) 

8474 

92*05 

1602-6 

40-03 

1642-7 

■75 

39-28 

1204-2 

35-66 

90 

Th 

a 

b 

8087 

89'93 

1606-6 

38-81 

1449-1 

■74 

38-07 

1199*0 

34-63 

83 

Bi 

a 

b 

6669 

81*66 

18070 

34-74 

1167-1 

■72 

34-03 

988-3 

31-44 

82 

Pb 

a 

b 

6478 

80-49 

1108-3 

34-18 

1119-6 

■72 

33-46 

900-0 

30-98 

81 

T1 

a 

h 

6299 

79-37 

1130-2 

33-02 

(082-4 

■72 

30-90 

932-0 

30-63 

80 

Hg 

a 

h 

6119 

78*22 

1092-4 

33-05 

1046-4 

■70 

32-36 

904-6 

30-07 

79 

Au 

a 

b 

0942 

77-08 

1067-1 

32-61 

1011-4 

■71 

31-80 

897-7 

29-63 

78 

•Pt 

a 

b 

6771 

76-97 

1021-3 

31-90 

970-7 

■71 

31-26 

860-9 

29*17 

77 

Iv 

a 

b 

6006 

74-87 

987-9 

31-43 

944-2 

■70 

30-73 

826-6 

28-73 

74 

W 

a 

b 

6120 

71-65 

890-8 

29-86 

849-9 

■70 

29-16 

751-3 

27-41 

73 

Ta 

a 

b 

4969 

70-49 

860-7 

29-34 

820-6 

■GO 

28-66 

728-0 

20-08 

73 

Hf 

a 

h 

4816 

09-39 

831-1 

-38-83 

791-8 

■GO 

28-14 

704-7 

26-66 

71 

Op 

a 

h 

4604 

68-34 

800-9 

28-30 

702-6 

■69 

27-01 

081-2 

26-10 

'70 

Acl 

a 

h 

4610 

67-20 

772-9 

27-80 

736-6 

■68 

27-12 

069-2 

25-07 

68 

Ei- 

a 

h 

4233. 

06-06 

718-5 

86-80 

082-8 

■67 

26-18 

.616-9 

24-82 

67 

Ho 

a 

b 

4090 

64-00 

692-(i 

‘26-31 

666-9 

■68 

26-63 

694-7 

24-39 


MguminitaltBsarelhedifferencait A sIvJMbelweBnttooadjacent ^/yJJl-malms 
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Table —Level .valuce of LSlonmlH — {eonliniied), 

[ a =» v/Ii, b = sl^i ] 


M, 

Ml 

1 

1 

M 

3 

M, 

• 

\ 

1 

1 Ms 

408*5 

20-21 

381-6 

-6-6“ 

19-53 

3.10-8 

1.7-80 

274:2 

V'M 

1 

1 10*55 

1 

2{)V2 

.10-10 

380'3 

19-60 

i 

364-3 

-6'6 

! 

18-82 

1 

206-6 

XT22 

266-6 

i'M 

16-08 

' 243-8 

16-01 

20 i-6 

J7-I0i 

272-2 

-6'6' 

1 

.16-60 

2m) 

I5‘m) 

198-0 

1-BS 

14-07 

189-9 

1 

13-74 

28:t7 

16-84 

262-1 

•as 

10-19 

^ 226-9 

16-03 

190-3 

1-24 

13-79 

182-8 

1 

13-62 

272-0 

16-61 

261-4 

'bTj 

16-80 

217-4 

;14-74 

182-7 

ns 

! 

13-62 

176-6 

13-26 

2GJ.'0» 

16-22 

239-1 P 
'GO 

16-63 

208-07-*- 

14-46 

' *176-64 

ns 

13-27 

’MG8'79 

13-00 

262-2 

16-88 

231-8 

■GG 

16-22 

201-9 

1.4-21 

168-0 

V3S 

12-98 

102-2 

12-74 

242-0 

16-66 

221-0 

-67/ 

14-00 

193-9 

13-92 

101-2 

IBS 

12-70 

166-3 

12-40 

203-2 

16-27 

213-7 

•GG 

14-02 

1 

187-4 

13-60 

^ 166-3. 

ns 

12'46 

149-8 

12-24 

207-3 

14-40 

180-3 

•Gd 

13-76 

167-6 

12 94 

1376 

ni 

■ 11-73 

132-9 

11-63 

199-8 

14-14 

182-1 

•GS 

18-49 

10 -2-0 

12-73 

132-4 

ns 

11-61 

1 128-1 

11-88 

192-1 

18-86 

176-2 

•G3 

13-24 

166-8 

12-48 

127-0 

ni 

11-27 

122-0 

11-00 

183-6 

13-56 

100-8 

•GG 

12-02 

149-4 

12-22 

121-0 

ns 

11 -00' 

U7-4 

10-84 

176-0 

13-80 

100-0 

G-3 

12-07 

144-2 

12-01 

116-6 

ns 

10-70 

112-0 

10-03 

163-6 

12-70 

147-7 

•64 

12-16 

133-0 

11-66 

107-3 

no 

10-38 

104-1 

10-20 

160-9 

: 12-63 

141-B 

•GS 

11-00 

128-1 

11-82 

102-0 

1-19 

10-13 

99-7 

,9-98 


* Cnloulatod from L-ubaorption oclgo imd L-eniiasion linos, 
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fable 2.—Level valuen of Mcincnts — [eoiitiniicd), 
\ a =. \jR, &== ] 


Atomic 

Number. 

Elomoilfc. 

i 

K 

1 ^ 

Li 


1 

-*3 

6(3 

»y 

! 

a 

b 

3961 

62‘91 

ms 


632-5 

-67 

26-16 

574-2 

2300 

6o 

Tb 

a 

b 

3830 

61'89 

641-8 


608-3 

•67 

24-66 

nnii’O 


64 

1 

Gd 

1 

a 

h 

8700 

1 

60-83 

617-6 

24-84 

585-0 

'(in 

24-19 

534-1 

23-11 

63 

Vai 

a 

h 

3673 

59-77 

593T> 

2436 

r)6i*6 

’67/ 

23-70 

514-4 

-2'2-68 

02 

)Sjii 

1 

a 

h 

3161 

58'76 

rj70’8 

23-88 

538-9 

■(17 

23-21 

•106-0 

22-25 

60 

j N<| 

a 

1 h 

3209 

i 

56-65 

6-26-6 

,22-92 

1966 

'(id 

22-26 

467-8 

21-40 

B9 


a 

h 

: 3093 

56-Gl 

603-8 

; 23-44 

474-8 

•on 

21-79 

439-0 

20-08 

08 

! 

Ge 

1 

a 
b 1 

2078 1 

fxL^oV 

48-2-9 

21-08 

464-4 

'(1(1 


421-9 

20-54 

57 

Lii 

a 

b 

1807‘0 

53-64 

461-4 

21-48 

434-7 

•(IS 

20-86 

404-4 

20-11 

60 

]in 

a 

h 

2757'2 

62f)l 

441-6 

j 

21-01 

414-6 

•on 

20-36 

386-7 

19-60 

56 

Cs 

a 

b 

2019‘8 

61-48 

420-3 

2060 

394-8 

'(>!) 

19-87 

309-3 

10-22 

63 

I 

a 

b 

’412'8 

10-42 

382-1 

10-66 

357-6 

•04 

18-91 

336-8 

18-32 

52 

To 

a 

h 

2343-6 

48-41 

364-8 

10-10 

340-4 

•an 

18-45 

3-20-2 

17-89 

61 

Sb 

a \ 
b 

224G-4 

47-41 

346-8 

18-62 

323-4 

'04 

17-08 

304-7 

17-46 

60 

1 

Sii 

a 

h 

2149'5 

46-36 

327-4 

18-09 

304-0 

•OB 

17-40 

288-1 

10-07 

40 

1)1 

a 
' b 

‘2057'2 

46-36 

311-3 

17-64 

289-4 

'OB 

17-01 

974-0 

10-68 
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'PnMe 3.—Level values of Eleineiils—{continued). 

[ a = v/lt, b = 1 
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Table 2.—Level values of Elements—{conimned) 
[ a ~ vIR, Vv/yi’ ] 


O fe 

1 l 

< 

Elemoiifc 

K 

L, 

U 

1 

^3 

48 

Cd 

a 

b 

I967'6 

44'36 

2960 

17-20 

274-8 

'(12 

10.53 

260-8 

16-15 

47 

Ag 

a 

b 

1880'9 

43‘07 

282-0 

16-79 

201*3 

*67^ 

16-10 

248-6 

16-77 

46 

iPd 

a 

b 

I794’0 

42-36 

266*2 

16-32 

246-9 

Ui4 

irm 

284-3 

i6-;n 

45 

lEh 

a 

b 

1709‘6 

41-36 

250*7 

16-83 

231*2 

Hrj 

15*21 

220-6 

14-86 

44 

Ru 

a 

b 

16291 

40*86 

2377 

16-42 

218-6 

•()8 

14-79 

200-1 

14-ltl 

42 

Mo 

a 

h 

1473*4 

38-38 

211*3 

14*54 

198-7 

'(12 

13-92 

180-0 

18-04 

41 

-Nb 

a 

b 

1B98T) 

37-40 

198-9 

14-10 

181.-7 
'(12 

18-48 

174-7 

13-2 a 

'40 

Zv 

a 

b 

1325:7 

36.41 

180'6 

18-66 

170-0 

'((2 

13-01 

108-8 

12-BO 

39 

'Y 

a 

b 

12661 

36-44 

176-8 

13-26 

169-0 

'(',1 

12-06 

164-4 

12-4:i 

38 

Sr 

a 

h 

1186’0 

34-44. 

162-9 

12-76 

147-0 

'(11 

12-16 

142-7 

11-06 

37 

Rb 

a 

b 

1319-4 

33-46 

162-0 

12-38 

137-2 

'((2 

11-71 

182-8 

11-53 

35 

Br 

a 

h 

902-6 

31-fll 



117-8 

10-86 

114-8 

10-00 

34 

Se 

a 

h 

932‘p 

30-63 



108-4 

10-41 

106-4 

10-27 

33 

As 

a 

b 

874'0 

29-66 

112-6 

10-61 

100-0 

'61 

10-00 

97-4 

0-87 

32 

^Ge 

a 

h 

1 ' 

8t7'6 

28-69. 



01-6 

9-67 

89*3 

0'4B 
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Table 2.—Level vahies of Moments — {pontimied), 

[ a =■ v//?, l> => ] 



* Vnluos iluo to Iiigolstain ami Ray, Zs, f, Phys,, 88, 818, 10D4. 
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Table 2.~~Levcl ralim of ElAimnh—{eontimml). 
I a, =■ v//i?. /»= Vv/fl 1 


M: 

Mi 

! 

Mj 

Mh 

Me 

1 

13-4 

3-00 

'55 

9’5 

.308 

3-2 

r79 

10-1 

3-18 


G'7 

2-69 

0-9 

0-90 

85) 

2'9B 

•<5.9 

6-7 

2-39 

,0-4 

0-O.S 

82 

2-8C 

'54 

5-4 

2-32 

0-7 

0-84 

ro 

270 

*50 

4'7 

2-.17 

Of) 

0-71 

o-o 

3'03 

1 

•67 

d’l 

2-02 

0-4 

0-G3 


... 


3-8 

1-96 

0-0 

0-39 

... 

... 


3-1 

1-7(5 

0-2 

0-46 

... 

... 


.3-0 

1-73 


0-6 

0-71 

... 



2'fl 

1-Cl 


0-4 

003 

... 




2-7 

l'G4 


0-8 

0'89 

... 




1-7 

1-38 


0-4 

O’OR 

2-4 

... 



1-2 

MO 


0-3 

0f)D 

... 

... 




... 


i t 

f» i 

l'4t 

.W8J 



0-6 

0-71 


« »i 


1’28 

^ I'll 



0-4 

0-G8 
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Table B.-^Level-vahies of Elements — [eoniinued). 


[rt'aV/T?, b‘='fyfE'\ 


Atomic ■ 
Number 

Ffleinent 

K 

L, 



15 

p 

a 

h 

157-8 

12-56 

... 


9-4 

3-07 

14 

Si 

a 

h 

135-4 

11-04 

♦ • V 


... 


7-2011 

2-095 

13 

AI 

a 

b 

114^8 

10-71 

« » » 

... 

5-364t 

2-310 

5-3401 


12 

Mg 

a 

b 

98-0 

9’80 


... 

... 

... 

3-042 ; 

1-91 

11 

Na 

a 

h 

7C*C7^ 

8-75 





1 


9 

F 

t 

50-5* 

7-1 



... 


... 


8 

0 

a 

h 

39-0* 

6-246 

» 4 « 


... 


... 


7 

N 

a 

h 

1 29'3* 

6-41 



... 


... 


6 

C 

a 

h 

20-0* 

4-64 

• * ♦ 




... 


5 

B 

a 

b 

14-2* 

3-77 



... 


... 


4 

Be 

a 

h 

11-27 

3-36 

... 

1 

... 

... 


... 


Sources: 


(1) Siegbalin, Spek.lros}(o)m (kr BSnlgmslrahUn (IflB I). 

(8) Lindli, IL d. Emp. physik., 34, (1928). 

met^io(\ 10, 600, 1030: Data for sodium by grnting 

«b.Sio?m£i. P- *29)! *>»<« 1?. 0, N, a, B by 

i\m motiiiod of oiirvad 

(6) Ingelstan and Kay, too, eiL : Data for Kb, Br M-leyols, 
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Table 5.— Levd-vahiea of Memenfs — [eontmaed), 
[> - v//i', 


M, 

i 

I 

M 3 

M. 

Ms 

... 

1 

0 ‘ii 

0-71 

0-5 

0-71 

O'i 

0G.'3 

0‘6 

0'71 


... 


On acooiini of recent works tlio lower parts of the cuives have been 
consiclGrnbiy niodiliuch For those sec !%♦ 31, §24.1; 

A gliuico at these oiirvoB shows tliat eacli of them can bo 
divided into two sections—one part in wliicli the ooiirse of tlic enrvo 
Is regular, a second part in which it bogins to be irregular. 
Goniinijig onrfi(5]voH to tho regular part, wo find 


or 


aVj “h b nearly 

/r, 

V R ^ - 


where j/. is the total qiiantuiu number, o the screening constant 
wiiich is a function of;//,/and./. 

The Irref/nlar Doublet fnrtlier observe tliat tlie 

Gx-and Lu-curves are nearly parallel, whereas tlm -Lj}, Lfl-enrves 
more and more diverge from eacit other with increasing valiiGs 
ot Cl. Hort/.* first sluiwed that 

/ Jli d3 (aeariy constant) 

Tluj approximate correctness of tins law is illustrated in 
tablo 2, column 8, under La in italics. TJie value of tlio differonce 
varies from 76 in jj to ’62 in Fo. 

♦G. Mom, f Phys., 8,10, 1020. 
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Similarly, it we take the curves for values, for Mi and 

Mj, Ma and Mi, Ni and Na.N.t and Ni ..... they are 

found to run more or less parallel. We have in fact 


^ ’^>8 for U to *59 for Co 

1*24 for U to 1*22 for Sr 

== '68 for IJ to *()4 for Oh 

as can be verified from the table 2, 

Those cinpirLoal relations are known as the Irnufular Douhlot 
Law. 

The lUcjidar LoiMet Lato »—The early investigators on X-ray 
spectroscopy observed that a chaviicteristic frequency dilforonco 
exists between certain pairs of lines in the X-ray si)eetva* This is 
now known to arise from the dilTorenco and it occurs 

between lines which can be easily found from an inspection of chart 
14 on p. 445, As illustration we take the diHerenco in frcfptoncy 
as oxpcriineiitally determined of the following oharnctcristic lines 
of W. 


L-lines : 

n 

642‘60 

Pi 712-89 

Ys 

806-67 

Y« 

849-98 


L 

644'06 

a, 613-00 

h. 

708-06 

P» 

761-32 



98-65 

98-49 


98-61 


98-66 

K-lines i 

at 

4368-2 

L-absorption 

1 limiks: 

L, 

860-28 



4209-3 




U 

761-30 



98-9 





98-98 


Wo have ulroacly explained that the characteristic dinorenco 
La -L:) increases very rapidly with atomic number, as is clear from 
an inspection of the curves in D^ig, 16 and from comparison of the 
figures on columns 8 and 10 of the tabic 2, T'licse dillcronces arc 
however independently shown in table 3. They arc taken from 
Siegbalm^s Spelctroskopie dev Ml^ntgemhnlilen (1931). 

Sommerfeld* deduced from certain theoretical deductions 
(which have however undergono considerable clianges) that 

where a = the SommerfelcI fine stniotiiro conatnnt, mid rf was found 
to liave very nearly tlie value 3'6. The validity of this law can bo 

* A. Sommorfold, Atombau iind SpektraUmion (1024), Chap, 6, §4. 
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Table 3 .— Values of d for L 2 , L^-levels. 


z 

hVjJlt 

1 Z-d 

d 

Z 

AvJA 

Z~d 

d 

41 XI) 

6'89 

37*00 

3*50 

63 En 

47*19 

69*48 

3‘62 

42 Mo 

770 

' 38*53 

1 3*47 

64 Gd 

oO'OG 

00*48 

3*52 

44 Bii 

1 9’49 

1 40*64 

1 3*40 

65 Tl> 

' 64*38 

CM9 

3*61 

46 Rh 

10*48 

41*53 

' 3*47 

06 By 

68*30 

G2-49 1 

3T)1 

46 P(l 

1166 

1 4^*52 

3*48 

67 Ho 

! 6*2*46 

63*60 

3*60 

47 Ag 

12*00 

41V69 

3*51 

68 Er 

GO 86 

64*60 

3-50 

48 CcT 

13*07 

1 44*62 

3*48 

70 Yb 

76*1 

66*6 

3*60 

49 In 

16*20 

46*60 

3*60 

71 Cp 

82*6 

07*6 

3*30 

60 Sii 

1673 

1 46*60 

3*60 

73 Ttt 

02*70 

()0*62 

3*48 

61 Si) 

18*20 

47*60 

3*60 

74 W 

98*64 

70*49 

3*61 

62 To 

19*04 

1 48*60 

3*60 

76 Os 

111*08 

72*61 

3*49 

63 I 

21*71 

! 49*49 

.3*64 

77 Ir 

118*64 i 

73*60 

3*60 

66 Cs 

26*30 , 

61*48 

.3*62 

78 PO 

126*02 

74*49 

3*61 

60 Bn 

37*70 i 

62*46 

.3*64 

79 All 

133*80 

76-61 

3*40 

67 La 

;!00i , 

63*46 

3*64 

81 T1 

160*49 

77*60 

8*60 

68 Go 

32*38 1 

64*44 

3*60 

8*2 Pb 

180*02 

78*66 

8*44 

69 Pr 

36*03 

65*48 

3*64 

83 Bi 

169*73 

70*68 

8*42 

60 X(1 

37*86 i 

60*69 

.3*61 

00 Th 

260*86 

86*67 

8*43 

62 Sni 

43*96 

68*60 

8*60 

92 U 

278*71 

1 

88*61 

8*49 


Moan d e= 3'd92, 


soon from columns 4 and 8 of table 8. Tho doublet levels L 2 , La 
were formerly known as liclaUniy Douhlels, ]Jut now they are 
called Sinn DoubleiSy because the two levels have got tho same h, 
vix. 2 , but differ in their y-vahies which are \ and | respeotivoly. Wo 
slnill come to tlio theoretical treatment i)rc8cntly. Tho difforoiioes 
between M3 and Ma {n «= B, k — 2, } =» i, t), Mi and M5 [n <=» 3, 
k ==> 8, 3 = 1, I) follow laws similar to Av^La-La. and will be 
treated later on. 

236. Theoretical Explanation of X-ray Spectra of 
Elements. —Wo shall now attempt to giv6*a theoretical treatment of 
the facts discussed in the previous sections regarding the origin of 
characteristic X-ray spectra. Tho fact that the X-ray lines can be 
explained by assuming that inner shells of electrons possess 
states whicli have tho same quantum oharacteristice as the states 
assumed by the valency electron in alkali specti'a, gave rise in tho 
oai’ly stages to the widespread belief, that tho X-ray term values and 
their differences can bo calculated in tho same way as torm-valuos 
of hydrogen (§164) or alkalies (Chap. XII), by introducing suitable 
screening constants. But this belief is ratliei* misleading. Charac¬ 
teristic X-rays are produced when one electron is removed, from ally 
completed inner shell, and a fresh olcctron from some outer iShell 
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jiunpa to take its position. The apparent similarity to alkali S]mct:ra 
is cine to the operation of Paulies Principle accordin/^’ to which deFcct 
of one electron from a closed shell produces the .same land of terms 
ns arc possessed by a single electron lying outside the dosed sludls. 

For a proper understanding of tho origin of the X-ray linos, it 
is necessary to have a complete knowledge of the dectron-com- 
ppsition of atoms. This is described iu Chap. XIL l^he following 
account should be read after the reader has .some knowledge of t)io 
subject-matter of that chapter.' 

The origin of the K-sfpectnmh—TXiQXii are normally two electrons 
in the K-sholl of each element. When one of these is removed 
either by electron bombaidment as in X-i’ay tubes or by plioto- 
ionisation (Pluoresccnce method, vide §245), and an electron jumps 
from some higher shell to take its position, the K-linos nvo eniiUccI, 
Tho transition for Kaia^ may be denoted graiihically as follows;— 

-e- 

1,, 1.^ 

L2 L3 K 

The normal constitution of the atom is l.s‘‘^,2.s*^.2p'’.., etc. and 
denotes that one electron is ejected from the or K-slie!l, leaving 
to it only one electron, The energy relation can bo written as 

+ hvj^ — l.v -k c 

For avoiding cumbrousnoss, the otlier electron hIicIIs are not 
written. 

Since this state is unstable, one electron jumps fi'oni the 27 /'-shdl 

to 1.9 forming the striioture l.v‘^2^/. . , Now aceording to PaiiU^H 

principle gives us either ^P, (Lg) or "^P, (LJ owing to two diHer- 

'2 ^ 

Gitt dispositions of the spins and the orbital / momenta of the live 


electrons, 

Tlie final configuration is L.v^ 2^;^ io., one electron is lost from 
the 2^>sholl, the other slielLs remaining conpileOe. The eneigy wliich 
should be given to the completed atom for getting this confignration, 
i,e*i for ejecting an electi'on from tlie 2?)^-shell is hv^ or hv^ 
according to the relation I— 


2p^ + =3 2])^ -h e 

2p^+hv, ^^2p^n\ + e 

The energy radiated as tlie electron jumps from 2p^^ 
given by 


V ^ V. 
% 






to Ls is 
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It slioiiUl bo nclclocl that tlioro is some difference between the 
treatments of energy relations in this case and in o])ticaI cases. In 
the latter case, the state of ;?ero energy is taken to be tliat composed 
of tlic ionised atom and the electron at infinity, So the variable 
part of tliG energy term conics out negative. Tluis tlie energy of tlio 
H-atoin when the electron is in tliird orbit is taken to be 
H (3) that of tliG second orbit H (2) ^ -- Rhl2^^ and 



In the iirosont case, it is inconvenient to follow tiic precedent 
in optical spectra, and take as our standard f^ero state tlie 
system ionised atom phis the electron, as ionisation is duo to the 
ejootioii of the electron from diffcsrent shells in the difforont cases 
of X-ray speoto, and not from tho outermost layer as in optical 
spectra. Henco only tho normal uon-ionisecl atom is taken to be 
tho standard 550ro state, Wo can adopt this procedure also for 
optical spectra. If wo adopt this procedure for hydrogen, tho energy 
of the initial state of H/t? (orbit 3) is lih (l/l® ^ 1/3^), energy of the 
final state (orbit 2) is lih (1/1^-1/2^). The omitted frequency 



Tho two troatmciits, tlicrcforc, give identical results. 

Tlio difforence Av is, howevor, hnlogen-liko and 

not alkalWiko. ffor example, if wo take a Ca-atom ionised in the 
L 2 -]ovo 1 , it may be replaced by a If-liko core with an outer shell 
of electrons ns shown below i— 

Cu ionised in L^^^holl , , ♦ (29) 2i>^ 2p^ [ 3p^ 3rf^^ is 

F (normal).. .(9).. 2fi^ "" ^Pj 410 car ^ Avjlt — *00374 


Nc+ 

({))... 

I, S'* 2,s* 2y/‘ 

-782 enr' 

“’00712 

.Na++ 

0)).. 

Ls* 2.V* 2?/ ... 


- ’0124 


(»).. 

.Ls* 2.S* 2?/> ... 

-222(5 

“ ’0202 

Al+'‘ 

(3).. 

.:l.s* 2.S* 2?/‘ ... 

“3440 

“ ’0823 


In F,2p^ >2?/^ 'Pg , Av-410 curb This differeiioG* 

increases witli atomic nnmbor, with, tho contra! cliarge. For the 
X-ray region, Av is much larger, because the central chnrgo is so largo. 


Those (lain are duo (,o Sfidei'qvist, f, Phijs,^ 76, 317, 759,, 1983. / 
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Zt'TX .*« <J« rmbim of o.lo,.lotion of .„ tl,„ ..now 

notoytlly «.cv« o « ( + Zo), 

B) toWtlL to tho con„moion .lcot,-o„, (ffl ...tl U>" I''*' t'"" >» 

«i .0 Wolocttcos ootoido of A. K-oWI. a «.<. f.»«0 .1 .. to 

« . it oloctn>..s oooW bo oostetotl, lUo ptoMoin '» «' n"™' 
tue ouLi. irTTl Wo liavo fcwo oloclrouK 

tothelwUuuuH’oblem (vtdo Clmp. Xll). wc i av<. 

in the shell wth « - 1 , A “ 1, »wvmg roniid 
the charge t+Ze), The companion electron in the K-hIk'I nhould 
be ttoated separately, as this being in the same qua.vbii.n orbit, pro- 
duces the phenomenon of e.rc/ia,>ffo rmumifjr as m the iman at 
heluun. These consvdei'fttiona receive support wlxoi w. Hmv(!y 
the c^-values, bei.ig defined ns in §235, p. dfi}), h,i- ,.l) oleuumts 

feom U 92 downwards up to 2 He, TJ.is i.s slnnw i.i «<>bmu. 2, II of 
the followiug table 4, and the accompanying enrvo in b m. .1.7. 



Vlg* YfirlnOon otiicmbhlng Tov K-^iivpI of iv}l}i niotiihi niiitib<ir. 


Homs; Strictly speaking the rogiilnr IC-spcotruiu of nicuioute 
stops with He, ns below He the Jj-sliolls are not complete, llowcver 
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Table, 4. — a-Valuee of K and L-kvels. 


EltMlienf: 



IjV 

EIrmenfc 


Or 


92 U 

-006 

11-94 

13-44 

' 40 Zr 

3-69 

12-68 

13-92 

90 Til 

+0-07 

i2'38 

13-86 

89 Y 

3*56 

13-48 

13-70 

83 Bi 

1-34 

13-52 

1.T96 

38 Sr 

3*56 

12*48 

13-70 

82 Pb 

l‘6l 

l3T)d 

16-08 

37 Rb 

3-64 

1-3-34 

13-68 

81 T1 

1*6B 

IB*76 

16-20 

36 Br 

3-49 

< ,, 

• t 1 

79 All 

1'92 

13 98 

16-40 

' 34 So 

3-47 

* * * 

« • 1 

78 Pt 

8'03 

14'08 

16-60 

33 As 

3-44 

11-78 

13 00 

77 Ir 

21B 

14-14 

15-64 

32 Go 

3-41 


1 

74 W 

;:*46 

14'30 

16-70 

Bt Ga 

3-33 

• * * 

, , , 

73 Ta 

8'6L 

I4-32 

16-70 

30 Zn 

3-32 

' 11-20 

12-44 

72 Hf 

2'01 

1 M-ad 

15-72 

1 29 Cu 

3-28 

11-00 

1 13-24 

71 Cp 

2'66 

14-40 

16-78 

28 Ni 

3-22 

10-70 

' 11-94 

70 Ad 

2'80 j 

14-40 

16-76 

27 Co 

8-17 

*. » 

, , , 

68 Er 

2-94 

14-40 

16-74 

20 Pe 

3-11 

10*18 

11-42 

07 Ho 

8-00 

14-38 

16-74 

26 Mn 

3-06 

... 1 

11-10 

66 Dy 

3'On 

14-36 

! 16-70 

24 Or 

3-00 


10-88 

66 Tb 

3-11 I 

14-84 

16-68 

28 Va 

293 


10-60 

64 Gd 

8'17 , 

14-32 

16-62 

22 Ti 

2-87 

• *. 

10-34 

63 Ell 

3'23 

14-28 

16-60 

21 So 

2-80 

<«» 

10-00 

62 Sm 

8'26 

14-24 

1668 

20 Ca 

276 

•«t 

9-84 

60 Nd 

3-36 

14‘16 

16-48 

19 K 

2-70 


9-68 

69 Pr 

839 

14-12 

' 16-42 

18 A 

2-06 

* *' i 

1 «« 

68 Co 

3*48 

14-04 

1636 

17 01 

2-68 


038 

67 La 

3'46 

14-04 

16-30 

16 S 

2-61 


908 

60 Ba 

3-49 

13-98 

16-28 

16P 

2-44 

♦ - i 

8-86 

66 08 

362 

14-00 

16-20 

14 Si 

2-30 


8-61 

631 

3'68 

13-90 

16-18. 

13 A1 

2-20 

•. t 

8-368 

62 To 

3‘69 

13-80 

16-10 

12 Mg 

2-20 

,,, 

808 

61 Sb 

3'69 

18-70 

16-04 

11 Na 

2-26 

%** 

♦ 1 . 

60 Sn 

3-64 

13-82 

16-08 

10 No 

, , , 


• I ♦ 

49 In 

3-64 

13-72 

14-98 

OF 

1-804 

4-681 


1 •• 

48 Cd 

3'04 

18-62 

14-86 

80 

1-76 

4-10 1 


. . . 

47 Ag 

3-33 

13-42 

14-68 

7N , 

1-00 

« 1 . 


. . . 

46 Pd 

3-64 

13-30 

14-64 

OC 

1-46 

2-78 1 


» I < 

46 Kb 

366 

13-24 

14-48 

6B 

1-110 

2-30 J 


1 • 1 

44 Ru 

3'04 

13-16 

14-42 

4 Bo 

1-0481* 

» , , 

, , , 

42 Mo 

3'02 

12-92 

14-16 

3 Li 

0-863) 

> ♦ 1 

« I 1 

41 Nb 

3-60 

12-80 

14-04 

2 Ho 

OO 67 J 


1 < « 


by using X-ray methods, a number o£ semi-optical lines have been 
obtained for lower elements in positions predicted for Ka-lines. 
They do not show the doublet sti’ucturo nnd become increasingly 
diffuse as wo take lower elements. In the case of Bo the breadth of 

♦ The OK-values for Be, Li, He and or-j-values for 0 F to 6 B are from 
electron bombardment experiments (seo tables 6 and 7). The otiior data 
nra computed from table 2, The on,-values for Ni, Cu and As aro from 
Thoimi's meaeurement of KjSs (tads § 239). 

I', 59 
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the lines is about 16 A. units as can be seen from Siegbiiliii’s 
mici'ophotograin reproduced in Fig. 19. The naturo of the line 
also varies considerably with the physical states as \vcll as its states 
of chemical combination. But it is clear that the riicliation is duo to 
the ejection of an electron from the K-shcIl, anti the subsequont 
filling of this level by a semi-optical electron. Wo arc therefore 
justified in talking of K-radiations of these elements. I'liis subjoet 
will bo fully discussed later in § 240 in connection with tlio siiectro- 
scopy of soft X-rays. 

It is also clear that the element He may bo sn|>poscd to bo tiu) 
first giving the E-spectrum, as it is the first elonicut to havo its 
K-shell complete. Hence vk for He may be taken to coiTosiiond 
to the ionisation potential of He, viz., 24'45 volts, 'riio curve for ok 
shows that it is continuous up to He. This is in .support of the 
method proposed for calculating vk -limits thooroticnlly from atoiuic 
models. 

Fi’om an insjmetion of tlie (ok , 2!] diagram it ia found that tlio 
curve is parabolic, with kinks at placc.s where a shell is beginning 
to be eompleted and a now shell is beginning to bo formed. Ah for 
example for 20 Ca, a = 278, while for 21 Sc, a = 2*80. In Sc the 
3d shell is beginning to be formed. It is quite probable that sonic 
of these values require revision. 


The value of a becomes approximately constant for 37 Rb to 6(1 
Ba {within 3'64 to 3‘64) and this gave rise formally to tlio belief that 
ax is constant for all elements. The belief was strengthened from a 
Sommerfeld from entirely different coiisidorntioiiH 
(&-38)wluch gave almost the same result. But beyond Ba, aic bogiiiH 
to dmumsh, and for 92U, ax actually becomes negative, U, tlioro is 
neptive screeniug. Ro explanation, has yet been fortlicomiug for 
us p.aiadoxical result, a can be roughly represented by the formulae 

ax = -895 + 124 Z - -QOU ..„p to ^ 20 

ax - -SOb + 124 (Z-l)--0014 .. between Z - 20 to 


V of Vk .—According to the ideas developed 

K s lould be calculated from the wave-mechanical equation ; 




TFH- ^ 

L t'l 


f'la 


+ f]ii.-o. 


9.1 


i^j' 2/1 *j) 
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are the coordinates of one IC-electron, Vg is the same operator for 

the second K-elcofcron^ ri, are the disfcmiCGs of the electrons from 
tlie nucleus, IK — total energy, rig mutual distance between the 
eloctrons, K = potential duo to tlie outer shells. 

If V — 0, the equation reduces to the lie-problem which was 
first formulated by HeisenborgK and numoricul foviiiulae for caleiila- 
tion of TK were given by Hylleras and Kollner.t The value of V 
may bo represented by formulae of tlie type 



whore the summation extends over electrons composing the shells 
Li, Lg . ■ • * and . arc the radii of the shells. 

The value of Kluis not yet Iqeen calculated, but it can be shown, 
that it contributes substantially to tlic * screening,’’ For if wo omit 
V in the wave-mechanical ectuatiou we get the value of TK by 
u sing the formula for He-likc ions given by Hylleras; 

lijm « Z + ‘31488—01762/^ + -00548/-^'] 

ICjIih ^{Z+lY .. . (4) 

where JCi energy of the first electron, and -/?2 ^ that of the 
second olcclron. 

This formula (4) is in agreement with values of I. P.’s of atoms 
stripped to the He-core as recently determined by EdlenJ {vuk 
colnnms 2 and 3 of table 6). 

In this table the ligures in the 2ud column give us the 
ionisation potentials of nlenicnts stripped to the He-core as 
experimentally determined by Fdlen, the 3rd column gives us the 
values calculatiul from (4\ the 4th column gives the corresponding 
v/R viilucB. a is obtained from the relation vllt^{Z-ay, It is 
seen that a tends to take the limiting value '(366, So the contribution 
of the companion electron in the K-shcll to screening may be taken 
to bo '666. The remaining part of screening is certainly due to the 
outer shells of electrons. Thc(jth and 7tli columns show tlie Vjc/ R 

* Hoisonboi'g, Zh. f, Phys,t 39. 

t Hylloms and Kellner, Zs, /, 

I Edl6n, Zs. /: Phys„ 84, 740, 

8 v/li-valuos are caloulafcecl on 


490, 1926. 

Phys , B4, 737,1929; 65, 209, 1931, 

losa 

the basis of R IB'64 volts, 




X-BAY SPXiCfRA OB' 0L^M1SNTS 
Table 5~a-values for atoms stripped to He-core, 



I. P, of Snipped 
fttoin (volts) 

v/R 

(Equ. 4) 


Vk//i! 


Element 

Exp. 

(Edl6ii) 

Theor. 
(Eqit. 4) 

0 

2 He 

24-465 

24*40 

181 

*655 

1-8 . 


0067 

3Li+ 

75-266 

76-272 

5*66 

-642 

4-Cl ^ 

1 

|X 

l)-8F)3 

4 Be+* 

163-108 

153*09 

11-30 

•637 

8-71 j 


l-0d8 

5B+3 

268-028 

1 

268-0 

19-06 

•634 

14-2 \ 

t 

l-llO 

6C+' 

1 

390-018 

390'0 

28-81 

•632 

20-6 


1-46 

7 N+!> 

549-081 1 




29-3 


100 

8 0+« 

735-218 




39-0 


l-7(i 

0F+’ 
lONe+8 j 





50-6 J 


1-894 


and (TK values taken from table 2, and wo find that tho cuerjUfy of 
ejection has now fallen down considerably. Takinpj C wo find that 
vk/ R ^ 20'6, wliereas v/ii for the strlpi^ed atom is 28*81, and 
Ok - (t = ‘828, the four electrons which in tlio gaseous stahs 
has the combination 2s'^ 2p‘^ now produce tho screoning *828* 
As the outer shells become filled up, aic” o rapidly increases as 
expected, and ultimately reaches a steady value, after which Oic 
diminishes rapidly, and actually reaches a negative value for U. Tho 
physical cause of this negative screening is yet unknown. 

238, The Regular Doublet Law.'—^Tlio explanation of tho 
empirical relation known as the regular doublet law was first attempted 
by SoinmerfeldjJ and is merely an adoptation of tho methods 
evolved for explaining the doublet separation in the speotnnn of 
H or better the spectra of alkali elements {vide Cliap. X). 


* Skmpe^s data from cntical potential: K«excitation potontiai of Ho* 
L), Be are 24‘37, 62-5 mid 118 volts Skinner, Bo; Proo. Poi/. 

boo, A mm, 933; Li: tbtd 136,84, 1932; He: Mttm, Fob. (S, mi 
t Hoi week s data (from absorption), 

t A. Sommerfeld, Atombami.nd Spe/ctrallinien (1924), Kap. 6, p. 442. 
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Blit tho cxplanatioa is tliooretioally not satisfactory, because 
tlioiigli ill the L 2 -L 8 difference we have to deal with a doublet 
jj-differenoe, the terms arise not from the presence of one electron 
outside the closed shells as in tho case of the alkali elements, but from 
the defect of one electron to a completed 2j3-shell. The X-ray doublet 
difference should therefore be linked with the 2p^..(“P» - 
difference of fluorino-Hke atoms. But this problem has not yet been 
theoretically solved. In the absence of such treatments we give an 
outline of SommerfekVs theory. 

According to this, the doublet separation for two terms having 
same n, I but having their y = i + i and / - f is given by 


Av/.R 




Here we are assuming that tho screening is Oj. When /=! and 
n, ~ 2, tho above formula reduces to 


.^yjR 


•11 


SommorOcld first assumed a value of 3'i) uniformly for a^. If 
this wore correct we should obtain a consistent value of a’’/2‘ from 
the observed doublet diffcronco, and this should equal ',332X10'® 
as obtained in §176. But this was found to be far from being tlie 
case, as table 6 shows. 

Wo find that the value ___ 

of tho constant differs 
from 'lie X10" ® for Oa 
to 'dddXlO'® for Th, 

It has been explained 
by several investigators 
by taking tho second 
order terms in a**. But 
in view of tho fact that 
tho theoretical basis is 
unsatisfactory an ac¬ 
count of those works 
are not given. The 
reader may consult 
p. 325 of Siogbahn's 
X-rays. Tlxo problem 
of caloulation of energy values of electrons in different shells is 


JilomonCi. 


a® _ . Vf, \ 

20 

Ca 

0'28 

035 

25 

Mu 

0'82 

0-38 

30 

Zii 

1-70 

0-346 

35 

Br 

3’80 

0-344 

40 

'Ay 

O'll 

0'344 

45 

llh 

10-53 

0-365 

50 

Sn 

16'83 

0300 

65 

C.s 

26'00 

0'306 

80 

Nd 

37-98 1 

0-372 

06 

Tb 

64-27 1 

0-379 

70 

Ad 

70-07 1 

0-389 

76 

Ro 

104-97 1 

0-402 

80 

Hg 

141-18 

0-412 

00 

Th 

249-03 

0-446 
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therefore an open one, and may be attempted in years to come with 
the aid of the methods developed by Hartreo and Fermi* (imitliod 
self-consistent fields). 


239. The Term Values of Li and Lj-levels.—77/« Vj„-w/w.s'. 
The values of the L -levels from .absorption are known u]) to 37 Kb. 
Tim corresponding -values are c,alculatcd from the rnliition 
Vvl, /7i = (Z- aL|)/2 and shown in column fi of tabic 7. For other 
elements, the absorption limit h.as not yet been obtained, but wo can 
determine Vr,, from tlie relation 

Vi., “ + Vk ~ Vkp 

In this way Vj^ has been calculated for 2fi Fo, 28 Ni, 21) Cu, 
and 33 As from Thormus’ measurement of LyS,,. T’ho Of.,-values 
thus obtained are shown in column 7,tabic 4. The Oi,,^8 aro plotted 
against the atomic number in tlie lower curve of h'ig. 18. A few other 
Vf. -values for elements below 26 Fe may be calculated rougldy 
by a number of indirect methods, e,{/.> from the empirical relation 
given by Hertz and Sommei'feld 

VLi - VL 2 =■ const. = ‘64 


as has been done by Stoner,f or by the method of oloctrou bombard¬ 
ment. Data for 9 F to 5 B in column 6 of table 7 aro obtained by the 
latter method. 

As Vj., measures the energy of ejection of the electron from the 
Lf-sholl, the problem of determining Vj., may be started from 
that of Beryliimn-like atoms Avhich havo the structure l.v''* 2.s'. We 
have therefore added in table 7 the exporimentnlly determined 
values of the I. P."s of atoms stripped to the Bc-sholf, iin,, of 
Be, B+, C+*,.,. The corresponding screening constants nro shown 
in column 4. It can be seen that 01 ,-values in column 6 tend in the 
limit to 0 for Be. It is found that the I. P. of atoms stripped to tho 
Be-core can be represented by the empirical formula 


jS ■=> (.^“2'34)’ + '487- 


2-61 , 

{Z^2'Uy 


3’26 


1 48, 72. 1928; 49, 660, 1928. 

t Stoner, Phil. Mag,, 2, 97, 1926. 
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18 , curven for X,^ aiwI 

I’lio values of 0|,,^ calculated according to tho .fox-miila 

y'Vj_^/7(! «» (j?-a,,J/a 

arc shown in columns 4 and 8 of table 4, iiiul the vni'lafcion of o, 

7 <* 

vnlnes with atomic nmnbor is shown in the iiixper ciU’Vo of Fig. 18, 
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Table 7. 


Llemont 

I, P, (volts) of 
stripped 
atom 

via 

a 



4 Be 

9-276 

•686 1 

2-345 



6B+ 

24-998 

1-846 

2-28 

i-82V 

2-30 

6C++ 

47-6B7 

3-618 

2-248 

2-6 i 

2-78 

7 N+5 

77 038 

6-69 

2-229 

... ( 


8 0+< 

113-298 

8-367 

2-216 

3-69J 

4-16 


The The Lg and La-absorption levels have been 

given in Table 2 up to 12 Mg, and a few of them are also shown in 
column 6 of table 8. 


Table 8. 


Element 

. 

I, P. of 
stripped 
atom 

v(R 

a 

vi„//e 


10 Ne 

21-49 

1-69 

7-48 



11 Na+ 

46-78 

3-466 

7-28 

... 

... 

12 Mg++ 

80-91 

6-976 

7-112 

3-642 

8-08 

13 Al+3 

121-77 

8-993 

7-018 


8-368 

1481+1 

168-72 

12-473 

6-940 


8-61 

16Pt6 

221-9 

16-88 

C-978 

9-4 

8-86 


indicate the energy of ejecting an electi’on from the 


239^^-811611, the starting point for the calculation of the Of,,-values 

should be the neon-like atom. This has not yet been attempted. In 
table 8 we have given the I. P. of atoms ionised to the Ne-like 
core as far as known, and the calculated values of screening constants 
are shown in column 4. It is seen at once that -values in column 6 

tend in the limit to a for Ne. The values are roughly repre¬ 
sented by the empmeal formula 

a - 7*728 + *277 (^-10) - *00231 (J?-10)" -*000001 (Z-10)® 

The 1. P. of atoms stripped to the Ne-core can be represented by the 
empirical formula 


^-(Z~6‘746)"+r917^ 


42*8 , 70*166 

(^-6*746) (^-6‘746p 


* Pata from electron bombardment method, 
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240, Soft X-Raya.—A fow years ago practically notliing was 
known about the region between 10 A. TJ« mid 500 A. U. Tliis 
was almost entirely duo to the lack of proper tcchmciue. Tlio rays 
are too long for crystals aiul too short for 0])tical gratings as usually 
used, l^\xr6hcr tlio rays arc completely absorbed by air, In fact 
before 1024-, the softest X-rays photographed wore the La-line of 
Cu (13'8 A. U,) and Ka of Na (11*88 A, tJ.). On the optical side, 
Lyman* and Lrickc had carried tlic nioasnrenieiit of Ile-linos to 
Ca ^ 500 A, U. though this was rapidly surpassed by Millikan and 
Bowouf who, in tlieir investigation, reached as low a wavelength 
as 40 A. U, 

In 1924, Thorneiis:|: and .DaiiviIlior§ used crystals of palmitic and 
inolissio acids, having the grating constants rf 27 A*U, and 78 A, U. 
and pliotographed the L-serios of Va (24*2 A* Ik), and K-series of 0 
(23*28 A» U.). As tlio crystals vroro rather imperfect, tlm lines 
obtained were broad and diffiise* 

Great advance in tcolniique Avas hoAVcver made by TlnbandH in 
1927 Avho used piano gratings at a grasping angle of incidence, and 
ho sucGoedcd in recording tlm Ka-Unc of B((j8 A. U,), At tliis 
stage, the investigation was taken up by many workers, iuclucling 
Siegbalin and Ins pupils a dcsori])tioii of Avboso apparatus has been 
given in §§143 and 144, 


241, Survey of Results.—Onr knoAvledgo of spectra of 
elements in this region is at present growing very rapidly. Roughly 
speaking, investigations in this region give us tlio data for tlioso 
parts of the Bohr-Coster curves where they begin to get irregular, 
for the K-spectriim below Na, or the L-spectrum below Ca... 
etc. 

T\iP, IC"Hi>K(n’iiUiAf FUOM 11 Na to 3 Lr 

As mentioned on page 404, the K-spectXMim is regular only up to 
11 Na; for elomenlB of loAvei* atomic Avoight, the 2p-sheU is not 
complete, and the lines are not slinrp, Tlie linos arc therefore 
increasingly difliise, and the Avavclength depends also on tho state 
of eliemical (?oinbination. 'i'lio older results may bo taken to laive 

* Lyman, Jnur.y GO, 1, 1924, 
f Millikan an<l Bowen, Phys, Pev,^ 23,1,1923. 
t Thoraous, PliiL Mag^x 1, 312,1023; 2, 1007, 1027, 

§ Banvillior, Joum^ de Phmqtie^ 8 , 1, 1027. _ 

II Thibmul, IViys, Zdl, 29, 0 , 244, 1027. , . ..:' : : ; • : • • 

F. GO 
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been siiperaecled by those o£ Siegbahn* and liis pupils who used (lui 
concave grating as described on page 277 and got much sharper linos. 
As a typical example we take the ICa-line of Bo. 'lllie Hue is about 
15 A. units wide, has a sharp beginning on the sliort wavoloiiglh 

side at 110*95 A, U., and a inioro- 
photonieter ourveshows a miiuhor 
of sub.sidiary peaks ns rcpr<!S(}nti!(l 
in Ifig. 19. The analysis ol: the 
peaks is shown in the liguvo, as 
well as in the scheme bolow. 
Similar peaks iiavo also besou 
found in the luicropliotogrum of 
the Ka-li»ie of C by Prins.i' lie 
takes these peaks to bo satellites 
to the main line C Ka at A. 44'3lA.IT. and tlioir iKtsitinns ai'e 
given below:— 

Ka Ka Ka" Observov 

6 0... 44*31 43*67 43*28 A.Uuits Prins 

edge Max. 1 Max, 2 Max, 3 
4 Be.. 110*96 113*2 116*8 119*3 A. U. Siegbahu 



Figi. 10, Mtoropliotogrnm of Bo ICCi*I|nc. 


The JC-lines increasingly. become sharper as elements of higher 
atoinio weights are taken. 

rr^L. obtained by 

Thibauctf in 1927. Recently Siegbahng has devised a new motliod 
.in Avhich a copper arc is used as the source of continuous radiation, 
ihc copper arc does not actually give a coutinuous spectrum, but 
IS so rich m lines that it can be regarded as giving continuous light. 

n-bsorber, a sharp cut wa.s obtained at 
Ti ““^responds to the L^-absorptiou edge of 7 \ 1 . 

Merest «^nd furtlier results are awaited with 

Very recently O'Bryan and Skinuerih have investigated t).o 

K-eimasion spectrum of T,i Tlf, n n „ i r . . uw 

_^nuum or PI, Jie, B, 0, and L-eiuissioa spectrum of 


1 Siegbalm, Zs. f. Fhys., 87, 19.84. 

t S'.f • f'-/ 81, 607,19.83. 

I Tliibaud, he, oil, 

S 'S'oe., 193.8 

If H. M. O’Bryan, H. Iv. Sbimmr^P/tys, 


4B, 370, 1034. 
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Nn, Mk, A1, Si by using a 2-inotre cnrvod grating, .and have obtiiinecl 
rfisidts (band lioads and penks) siinilar to those of Sicgbahn, Their 
results for Li, and those for other light elements duo to Siegbahn and 
Magmissou are (|uotod in the table below: 


Tcthlfl !). — K-emimon lines nnil edf/es for li{ihl elements. 


Elojnciit 

X (A. L.) 

v}li 

>Jv}R 

Roinarks 

.11 Nn 

' ll’B8 

7G-01 

876 

Xcorresponds to 

9 F 

18'27 1 

60-0 

7'07 

8 0 

2iVQl 1 

.88-65 

620 

lino 

7 N 

l.tl-69 

28'00 ' 

5’38 


.. (It). 

5 B 

U(i-2 

1979 

371 

X corresponds (io 

4 Bo 

IIO'OD 

8-21 

2'86] 

band head 

8 Li 

226'3 

m 

3-01 



T’hr L-Sbjiiks Lksds 


Tn the T^regiou Siegbahn and 'rhoraeus obtained the L-series 
linos nji to vanadium (28). In the case of iron (Jr «)> 

)](La-'-'Mi), pi (L8 -<-M,i), I (L«'<-Mj), ttiij 5) have*bcen 

oliserved. In the case of vanadium only the a and p line.s conld be 
doteotod. Witli the advent of grating spectroscopy Kellstrhm* niid 
Howet piislied the results up to (la (20).:|: Tho L/3 line hits )iot been 
observed after Mil, and La-lines after Oa, The reason is that 
these lines are due to transitions (Lj, and tho (Mi, Ms)- 

grouii disappears after calcium and so no transition can take place. 
Tlu! I and 11 lines persist up to phosphorus (.16) as proved by 
Siegbahn and .Mngmisson after wliioli the L-spectruni becomes a 
baud with a structure depending on tho chomicnl combination of 
tim olcnumt. 


A list of tJio Ij-serics linos for oloments Cii to S is given iii tables 
at the end of tho chapter. WJicn sulphur ns a sulphate was used, 
the / and 11 lines could bo resolved, but with pure sulphur thoy could 


KollHU'fnn, 'As., f. Fhys., 58,611, .1029. 
tHowo,PV. Jte,36,717, 1990. , . A , w 

I .It is doubiful wliother tho L«-]ino of C'a is at nil obtained, for Hpwe 
does not report it, bufcXfellatriim’s results show a fairly strong lino,.,, . 
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not be resolvecb /, ri lines could bo resolved up to Fe, but in recent 
researchos by Siegbahii they appear separated up to S. 

With phosphorus the /-line becomes a band with a sharp edge 
at 91'15 A. U. and two maxima at 96*3 and 97*0 A. U. In the case 
ol: Si, Al, Mg the L-serios lines are very interesting, The line group 
forms a band with a sharp limit on the short wave side. It has been 
suggested by Siegbahn that the sharp edge is due to transition from a 
conduction electron level. In order to test this point he took two 
photograins, in one of which metallic aluminium was taken 

and in the other alumina. 
Aluminium is a good 
conductor, while alumina 
is not, The spectro¬ 
grams were found to be 
entirely different. The 
alumina spectrum was 
$ ^ ^ g y inoi’o or less similar to P, 

ok (Ord. IX) containing two innximn, at 
184‘0 1. U. and 108'(i0 

Fig. 20. Mierophotoffi'flnia of tho I,-HncB of Al. I— From ^ -jj rj 

dotted lino is the micro- 
photograph of alumina spectrum, while the continuous line is 
that due to aliiminuim. In the latter the maxima arc not evident, 
but there is a sharp edge at 170*49 A. In this case transitions 
are taking place between the vacated K-shell and conduction 




Fig, 21. sroselcy dlngram for K, L, M, N-series lines of oleinenIs* 


The dotted extension of K and LTiUines corresponds to band emis¬ 
sion, • K-series ; Thibaud, S6dernian: L-series: Kelisfcrom; M-sories; 
Lindberg N-series iVlagnusson, OPrlns and Takens, x Siegbaltn, 
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(Sommerfeld-Fermi) electron levels, and consequently the regular Ij- 
emission is masked. In the case of alumina there are few of 
these electrons and so it has a different structure, The Moseley 
curves of the La and L/, lines have been shown in Fig. 31 due to 
Prins and Takens. The level value of Mi-shell can be obtained from 
the energy of the /, q lines and those of L^, u^^shells. These values 
have been incorporated in table 2 . 


Tim L-Arsouption Spectjrum. 

Table 10. — L^t L^^-absorp- 
tion limits, 


The L-absox'ptioii spectrum has 
been obtained by the crystal method 
up to 37 Rb (Li == 5*985 A. U.) by 
Coster and Mulder.’^ Prins and 
Takens f have worked with Cii, Ti, 
and Ca and their values are given 
in table 10 for Jj 2 in shells, 


Elcmenli 

1 

vjR 

y/VfR 

29 Cu 

12-9 

70-7 1 

8'4L 

22 Ti 1 

27’29 

33-41 

5‘78 

20 Ca 

33-63 

26-69 

5'09 


The absorption edge depends upon the cliomical state of the 

absorber, but still these values 

Table 1.1, — LM^almorplmt edge 
of Siy Ag, Mg, 


TSloment 

' 

, 1 

vIR 

^vfii 

14 Si... 1.3 

12ry5 

7-26 

2-69 

13A1.,.L2 

160-90 

5-364 i 

2-316 

La 

170-47 

5-346 

2-312 

12Mg...L3 

250-20 

8-642 

1-91 


are in good accord with the 
values of La, a sliells found 
from K-absorption and K- 
scries lines. Siegbalm has 
iutroduced a now method of 
studying the absorption spec¬ 
trum which lias already been 
described. Plis results arc 
illustrated in the table 11 . 


Tim M SBums. 

Using the crystal method, Lindbcrg‘1: extended the M-series to 
Co (58). Put he found that only y 7 ), 

ai(jVlfi-<'-Nii, 7) continue up to that element using the line grating. 
Thibaiid§ found that the My, MX persist up to Mo. 

Prins and Takens || \lmvQ obtained the M^ lines of elements y(3B) to 
Sb (61), The tables at the end of the chapter give his results. 

* Coster and Mulder, Zs, f Phys,^ 88, 264, 1026. 
f Prins and Takens, Zs, f. P/iys,^ 84, 65,1983. 
t Lindberg, Visse^iaHmii Uppsala Uiiive^^sity^ 1931. 

§ Thibnud, te, 

II Prins and Takens, Zs, f Phys,, 76, 741,1982; 77, 706, 1932. 
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In a recent paper Siegbahn and Magiiusson* have considerably 
extended the results, and have found M']]l linos corresponding to 
(Mg, 8’<”Ni) transitions for the eloineiits 35 Br to .47 Ag, The 
(Mi, 5 <-Ng, 3 ) lines were separated into their components for 35 I3r 
to 37 Rb* Between 37 Rb—40 Zr, the lines merge into 

one, and after that all the three lines become single as reported by 
Prins and Takens.f 

The strongest line is due to MC and Mr[Wines 

persist from 36 Br to 48 IM after which it has not been foiiiicL 
The most important feature of the M-series lines from the 
theoretical point of view are the lines rvliich originaie from the 
tramitions within M-levels themselves. We shall discuss timm under 
the N-series, because there also similar lines have been obtained* 
The ilM-Iines obtained by Prins and Takens and by Siegbahn and 
Magnnssoii are listed in Table 12. 


Table 12. — MM-Hnes for elements 35 Br to 50 Sn (X in A. XL) 


Element; 

M 2 +-M 4 


Element 

Maf-M* 


36 Br 

109-41 

113-8 

44 Ru 

62-21 

68'34 

87 Rb 

91'B1 

96-7 i 

45 Rh 

B9'8 

66-6 

88 8r 

86-93 

9188 

46 Pd 

66-38 

62-83 

39 Y 

^ 81'B 

86-B 

47 Ag 

64-1 

60-6 

<10 Zr 

76'6 

81-71 

48 Cd 

i 

588 

41 Nb 

72'13 

78-21 

60 Sn 

47-3 

64-15 

42 Mo 

68-8 

74-7 





um .1560. 

37 Rb 144-41 


The transitions Mi-t-JMg, have been obtained only for 35 Br 

and 37 Rb. In Pig. 31 the Moseley curve for the M-lines including 
MM transition-lines has been shown* 

As is usual ill the case of very soft X-rays, the structure of the 
lines depends on the state of the target, and its crystalline structure* 
In the case of some elements Siegbahn and Magnussoii$ have obtained 

* Siegbahn and Magniisson, Z$, f Fhys.y 88, 589, 1934, 
t Prins and Takens, loo, cit, 
t Siegbahn and Magmissoii, loo. cit. 
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bands with sharp edge on the short-wave side, and with a maximiiin. 

They ascribe these bands to Table IS, — M-emUsion hands, 

transitiou from conclnctiou 
Gloctroii levels, and denoted 
them as Yi and Y 2 * The 
positiojis of the maximum (X in 
A. U.) are shown in table 33. 

IhiE N-Skiuks. 

The N-seiies lines were 
first discovered by Dol^sek* in 
1922, but the results were in 
doubt, till Thibaiid^s work 
conlirined them. He showed that in the N-scries mostly the 
inter-level transitions (N.i, 7 ) are obtained. This has been 

verified by various workorsf for elements of higher atomic number, 
73Ta'to 81 .Tl. Siegbahn and Magnusaon (loe. eft) have extended 
these measurements for 71 Cp to 56 Co. 

In Cft and Ba there are three regular N-Uues close together, the 
energy of which corresponds to transitions 02 >a)i In the 

spectrogram the lines are resolved. It is likely that these lines do 
not come out after I, for in the plate containing Cs spectrum 
tliero i>s no lino duo to I, although Csl was taken as the target. 
The O 2 , Oa-iovolH just begin to be filled up at I (63). There is no 
ovidGiiec of inter-lovol transitions for tlieso elements. 

In tliG table at the end of the chapter, the wavelength of all these 
regular N-lino« for Cs 55 to Bi 83 arc given. 

]^or the rare eurlhs from 57 La to 73. Cp, the Mines have an 
interesting structure. They are in the form of bands having peaks. 
Tho peaks liavo been ideiitified to be duo to (N.ad'^^OauO-transi- 
lioiis, and also the inter-Icv(il transitiouH 

Tlie Moseley diagram is shown in Fig, 31. 

Siegbahn and Magmvsaou (he. dt) have also experimented upon 
81. Th 82 PI), 83 Bi, 1)0 Th and 1)2 IJ, and they find that (No, 7 ^- 0 ,,d) 
have boon resolved, and liuve siifficient intensiby; but tlie lines 
arc not present. 


Element 

M4,5-Yi 

M4,„-Y 

39 Sr 

96-37 


40 Zr 

76-0 

70-4 

41 Nb 

67-81 

61-76 

43 Mo 

69-81 

66-3 

44 Ru 

48-96 1 

44-76 

46 Rh 


40-78 

46 Pd 

40-44 

37-36 

47 Ag 

36-83 



^ Doljsok, Zs, n Phys„ 10,120, 1022. 

t Thihimd, dol Jlosario, Pihis and Takons, Magjuisson, Zs, /. 
PV., 70, lOi, 1932 ; Chalklin, PhU. 18, 303, 1933. 
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Ill tables at the end of the chapter all the N-linos arc shown. 
For full Moseley diagrams of M, MN, N and NN-lines see Siegbahn 

and Magnusson’s latest paper {loc. dtX 

III the N-specti-a of heavy elements, the lines N.j <- IN li ‘“‘d 
,, .have been obtained by a number of workei-s. The triinsition 
in these cases also takes place in the levels with the same total 
ciimntnra number. In table 14 Magnussou’s results suppleinevitod by 
other data are given. 

Such lines in which An = 0 are very common in optical 
spectra and it is surprising that they are not so common in X-ray 
region. * 

Tafjle 14.—Lines due to NN-transiUons (?, in A. U.) 


Element 

N4-«-No 

Ns0,7 

■ 

Element 

1 

N4-e-Na 

i 

Ns-'-Noj? 

69 Pr 

109'34 

11827 

74 W 

55-8 

r)8f)0 

GO Nd 

102*67 

108*7 

76 Os 

.61*8 

; Tnl ’C 

62 Sft 

95*7 

98*d 

77 Ir 

50*1 

ri2*R 

63 Eu 


» . ♦ 

78 Pt 

48*0 

50*9 

66 Tb 

... 

86*70 

79 Au 

40*8 

49*4 

66 Dy 

i 

83*34 

80 Hg 

43*0 

Gl‘4* 

68 Er 

72*7 

76*3 

81 T1 

. . . 

46*36 

70 Ad 

66T 

69*4 

82 Pb 

42*25 

44*96 

71 Cp 

62*99 

66*70 

83 Bi 



73 Ta 

68*1 

61*0 





241-a. Probability of Inter-transition in the L-shells.— 

Costert, Saha and Multherjee^ tried to observe the Iji—L; i 
transition in tlie case of heavy elements lilce W. In this case iiU liotigii 
the excitation voltage corresponds to that of the Li-shell, yiit tlie 
wavelength of the Li - ha ti’ansition will be long, about (5’8 A. iinitH 
forW. It was suggested that the energy of the Lj -Ln transitions is 
just greater than some of the outer M-shells, and so it is infcorually 
absorbed. Take the example of W. For this element wo liavo 

Li La Li-Ls Ml Ma Ma Mi 

74W 890'8 751*3 139*6 207*3 189*3 167*6 137*6 . . (v/.K) 


* Rosario, Pht/s. Rev., 41, 1.3G, 1932. Values for T1 and Ph nre from 
biegbahn ami Magnusson’s latest paper (loo. ml). Tlie other data nro due 
to Magnusson- 

f Coster, Phil, Maff., 43, 1070, 1922. 
j Saha and Mukherjeo, Nature, 133, 377, 1934, 
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Thus Li - La difference just exceeds the value of This state of 
affairs stops at about 08 Er. For this element we have 

Li L3 L/i '^La Ml Mjf Ma M,i M5 

08 Er 7.18‘5 015’9 102*0 103'6 147*7 133*0 107*3 104*4 . . (v/ii) 

Wo tlins see that here Ljt-La is smaller than any of the M-Iovels, 
So it was suggested tiiat for this and other similar elements, Li "-Lg 
lines should bo obsers^ed, But this 1ms not yet been experimentally 
verified. O^Bryan and Skinner {loe. eit) recently reports that in the 
L-bands of Si, Al, Mg, the Li -Lg transitions are very likely present 
But they are not dclinite, for the transitions of conduction electrons 
mask tliem, These linos fall in tlie optical region. For the JIM- and 
NN-transitions the energy of the rays is less than that of the outer 
N and O shells. So they are not absorbed. 

O-serieSi —Siegbahn and Magnusson find a broad band for 
tliorlum at X174'2 A. U* which maybe due to transition from 
conduction electron levels. One of the peaks inside this baud 
corresponds to the transition to O levels, and the value of the 0^,5 
level thus found agrees well with tlie values found from N-scrios 
data. The earlier results of Thibaud arc doubtful. 

242. Investigation of the Inner Energy Levels of Atoms 
by means of Magnetic Spectra of Secondary Electrons.— 

Moutiou was made on i)age 206 of Sngnac and Dorn^s discovery that 
when a metal plate is irradiated by X-rays, socondavy electrons 
pos.ses8iug large velocities are emitted in addition to characteristic 
and scattered X-radiation. Many methods wore tried to measure 
accurately the energy of these secondary electrons. Tim following 
may be noted :~ 

1. By subjecting the electrons to a known magnetic field, and 
measuring the curvature of tlio orbits. Tliis method gouorally 
known as the mmjnv.iw .Hpecirum mdhod was first tried by Dorm 

2. By finding out the retarding potential whicli would stop 
the emission of electrons, 'Phis was tried by Laub.* 

3. By inoaHuring the absorption coefliciont of electrons in 
known gases. 

Of these methods, the first alone has survived. The appa¬ 
ratus of Dorii was successively improved by Do Broglie, f 

* Laul), Ann, d, Phys,^ 26, 712, 1908. 

f De Broglie, Jonr th Physixjne, 2, 265, lOgi. 

F 01 
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Wliiclclhigton,* Jlutherford and Robiiison.f In tliis olmptor, wo Hhall 
describe the apparatus used by Robinson (Fig. li)). 

The n])piiratus:j: is a modifica¬ 
tion oil Tie Eroglio’.s original 
design and diflpers from it in 
certain details which aim at reduc¬ 
tion of the time of exposure, and 
sharpening of the sp((Ctral linos. 
It is onclo.sed completely in a brass 
box B having an nlnminivnu 
window W through which X-rays are admitted. L i.s an l_-shaped 
piece of lead carrying two lino slits (of load) Si and 83 . The target 
T is so placed that its middle point i.s vertically below the slitS], 
and in the same horizontal line with the second slit 83 as shown in 
Fig. 22 . It may be oriented at any angle to the incident beam of 
X-ray. De Broglie puts it perpendicular to the beam, 'L'ho photo¬ 
graphic plate P is put on L so that it just projects under the slit 83 , 
which gives u.s a fiducial point on the i^late. When every tiling is 
in position, the chamber is evacuated to as high a vacuum as possi¬ 
ble, and X-rays passing through W are allowed to fall on 'I?. A 



VIg, 22, Itobinsoij'B Ai'pnvAhiH. 


uniform magnetic field is apiilied by means of a pair of Holmholtz- 
Graiigain coils perpendicular to the plane of the paper. As the 
magnetic field disturbs the cathode rays of the X-ray tube, Robinson 
used compensating magnetic fields to nullify the dofleotion. 

The target T must be thill, otherwise the photo-electrons lose 
part of their velocity in coming through the layer of iiiattor in the 
target, so that the spectral lines lose their sharpness. In the case 
of salts, or substances in the form of powder, a thin layer is sjiroad 
uniformly over a piece of paper. 

The photoelecti’oiis are emitted in all possible directions and 
tiose possessing the same energy describe a oircnlar path 
laving approximately the same radius and are recorded on tlio plate 
P at a certain point A. Since S,TA is a right angle, it is evident 
that biA is a diameter of the cu-cle. Electrons emitted from 
eit ei side of T and passing through Si, but possessing the 
same energy will hit the plate on either side of A, so that 
tie ImeiYill ha ve a finite breadth, depending oii tlio dimensions 


* Whiddiiigtoii, Phil Mag., 43,1116,1922. 
r Kobmson and Rawlinaon, Phil Mag., 28 , 277,1914 
1 Robinson, Ii-oo. Hog. 80 a. A, 104, 466, 1923, 
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of that part of T winch lias been iiTadiatccl by X-rays, and the 
distimoo Si T. 

243, Calculation of the Energy of the Electrons ,—\]y 

ndjuHtiup; those dinionsions the Uucs can be made fairly sharp, 'riic 
vclocily V of those electrons which liavc boon recorded at A can be 
found from tlio roliition 

V — .(r.) 

me 

wluu'o U is till) riulins of (.ho potii described by the clecti’ons havino: 
tlio sniiio enevRy, ivml 11 is the stveogth of the field iu absolvito unite. 
Ji is mciisurod by the ordinary electrical means of searcli coil and 
Jliix-motor. Tlio radius of curvature It is obtained fi’bin tlio 
geometry of the aiipnratus in the following way. 

After tlio exposure for recoi’diiig electrons is flnii3hed, a Hue 
beam of light is focussed on the slit S-j through a system of lenses 
fixed to the chamber B vertically above Sa. This fine beam of light 
leaves a (Idncial mark on tho iihotograpluc plate, so that its position 
witli respect to tlio apparatus is known. It is evident from the figure 
that Si A i.s tlio diiiinotcr of the circle TSi A, lienee 

SjA^aTi: 

In the riglit'iingled triangle SiTA, tho distance 'I’A is 

TA-TSa+S.aA.(11) 

TIio dtetaiico S.aA is the distance of a spectrinn lino at A from 
tlio fiducial iioiiit Sj and is measured on a comparator. T'S-a is the 
horiKOiital distance between Si and Sa and is measured by a 
travelling microscopo. Denoting those lengths by x and e, wo liave 

AJt^ (7) 

whore a >»» 'I'Bi, or tlie vertical distance between Si and Sa. Tim 
monHuroinGiit of tho ])lato is made from tlio centi’o of the specti‘um line. 
:i?i'om (fi) and (7) tho value of « is at once obtained. 

244. Experimental Results.'—It was observed by Lnub* 
and Dorn that the maximum velocity of the secondary electi'ons was 
iiuleiumdent of the intensity of the rays, but depended on their 

* Laul), loc, ml. 
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hardness. But the mechanism of emission was flr.st clearly elnciclatod 
by the expcriuionfcs of M. De Broglie [loc, at). 

De Broglie iKuininntecl a Ag-plato with tungsten K'-i’ndiation 
and obtained tlic magnetic spectrum of .secondary cloctrims in nii 
apparatus which dilfei'S from the one described licrc in only non- 
essential details. Fig. 23 shows his results. 

It is clear from the 
photograph that the nmg- 
nctic s])octrum docs not 
consist of a coatiuuous 
band which would 
indicate electrons having 

KJg. 28. Magiicllt) SpBclra of .\g ... (7>c iyrapff*). JJ i •,■ /> n 

ail velocities from v «= 0 
%ax, bwt of discrete lines. This shows that a very Inrgo pro¬ 
portion of electrons corresponding to any particular line have dofiuitG 
and identical velocities. For example—the energies Si, ej, 8,i of the 
electrons giving rise to lines 4, 6 and (5 as dotormlnod by the 
formula in §243, was found to satisfy exactly the folloAving 
relation:— 



8 ., = ~ 


These relations at once give us the inochaiusin of secondary 
emission. The monochromatic X-radiatious, Kai nnd K «2 of 
tungsten falling on Ag-atoms cause the cicction of electrons 
from the K-shell of Ag in accordance with Eiustciii’s photoelectric 
equation, le» as a photon of energy orfalls on any of 

the IC-elecU-on in Ag-atom. the latter absorbs the whole energy; 
a part/iVjj. IS spent in releasing the electron from the IC-shcll, the 
remainder is converted to the kinetic energy of the electron. 

It is clear that the magnetic specU-nm apparatus provides urt 
mtl. ... uApeadent m.tl,od for dotomteing tiro o«orgy-lo,ola of 
rf^t .000 oil .too,,. Wiroo . photo,, of sulBcict e„o,w (II, „ 
,10 0 3011,0 0 ement) is allowed to’ tinverso on atom, it ,pil| 
release olootimis from .11 levels, and wo slioiihl have liaos ii, the 
m.aguetic specti'iiiu having frequencies 


,v-v, 




V- Vi 




V'-M «, . etc. 
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Thcso deductions have been verified in tho extensive experi- 
niciits of Robinson* and Jiis co-workers. If the frequency of the 
exciting radiation bo too soft for any energy-level, no electron 
will be ejected from that level, but electrons may be ejected from 
outer levels. Thus Ag Ka, v/7i—1()327 cannot eject any electron 
from U K-sliell (vk /It of U = 8477), but it can I'cleaso electrons 
from the Li 1603) and all outer shells, 


245, Fluorescent Emission,—In addition to lines winch can 
bn iiitGrpretod ixh duo to |>liotoelcctric effect in the inner layers, De 
Bro^^liot i^ot other liims for which a different origin had to be iiound. 
'riioy arc shown as 1, 2 and 3 in Fig. 23. Do Broglie observed, that 

1. El ^ v/R of Ag Kai v'/R of Ag Ldeveh 

2 . 82 v/R of AgK^i — v/R oi Ag L-level. 

3. 88 v/R of Ag KjS - v/R of Ag M-loveh ^ 

T\\Lm relations afford tho key to the origin of the linos. They arc 
due to the ojootiou of electrons from L-levels of the Ag-atoni by 
tho .K-radiafcioii of Ag. This K-radiabion of Ag is however only 
Bocoiuhiry, and it owes its origin to tho fact that as the primary 
W Ka,a' releases an electron from tlie K-shcll of Ag, another 
electron falls iinmodiately from the L 2,3 or some higher level to 
the K-lovel, and thus gives rise to lliioresceut K-radiation of Ag. But 
this K-radiation, in coming out of the atom, may hit electi’ons. ui any 
of tho outer L or M-sliells, and release them giving rise to a 
SGCondnry group of electrons. This phenomenon is known as mter^ 
nal convarmiL 


246. Investigation of Internal Conversion in Wilson- 
Chamber (Auger-effect),—Tho internal conversion of ftuorescont 
radiation was studied by Auger$ in tho Wilson chamber and 
thoreforo it is sometimes known after him {AagGV effaci). The 


Wilson chamber was filled with krypton strongly diluted with 
hydrogen. Monochromatic X-rays possessing energy equal to 
14, 20, 28 and 60 KV wore successively passed through the chamber. 
Tho photographs of the secondary electrons released from krypton 
atoms were taken in the usual way. The fluorescent Ka-line of 


.Robinsoiii and Young, Pvqg, Roy* Soo, 1^8, 92,1930, 
t be Broglie,/ocf, oi7. . 

,, X P. ^iixgow Am. do Physiqm, 6, 23*1,1926. 
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krypton has an energy equal to 14 KV and tho electron in the 
Li-shell has the energy 2 KV, so that when tho lluoroHoont 



!>%, Aiig:oi» (‘{foot In k»’y))foii. 


Ka-line of krypton, produced by the primary X-radiatioii relonsos 
an electron from the La-sheli by intcraal eonvci'Hion, the (tloctroii 




ic. voliii 


if(K» {b) 

will have the energy 12 KV, This corrosiiouds to a length of tlm 
track equal to 12 inin on tho original plate and 24 inm. In the 
roprodiiction. In irig. 24 (ft), wo observe the tracks of these eloetrons 
alone, boeause tho olectroii roloasod fi'oin tiu! K~shnll of krypton 
by tho incident radiation has very little energy. In tho next 

photograph, corresponding to 20 kilovolts we observe the same 
fluorescent electron tracks of .saino length, but in addition we 
Mso obseiwe shoiter tracks due to roloaso of au electron from tho 
K-shel directly (encrgy==6 KV). Further tho two tracks somc- 
imes iverge from the same point ns avo should cxiioct from tho 
mechaiiisra. The same pair of tracks are observed in the Figs. 24(t<) 

rll ofi I’espectively. Tlioy start from tho 

dTa JZtT T ‘^J’avnctcristio of the electron pro- 

ced by internal couvoi-sion, Avliile the other track duo to the electron 
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roloasod from tlio K-sliell bj^ the primniy rny seojiis to be imicli 
longer. 



28 k. voltH] 


riR. 8l(<i) 

246a, Calculation of Energy Levels from pTay Spectrum.— 

It WHH liowGvor foimtl tlmt vnliieB of tbo onorgy levels obtain ocl 
from the mngimtio Hpectnim of these iliiovcscont oleotrons tiro somo- 



OO ic. volU 


wluit cllirnvoiit froJii tlio vnluc« ns clolorniinod by the mothods of X-ray 
Hpco6i‘OBC()i)y* ^rin« point ib illuBtratod in tlin EoUowng oxnmplo duo 
to Robinaon and Cnsaio.'*' M<) Ka-lbo (v/ii^:l287'8) ms allowed to 
fall m a Oiwtarget, and the muguctio Hpectrum of the secondary 
electrons ^YnK obtained in tlm usual way, A inunber of linos sliown in 
table Ifi could bo mterproted as being duo to internal convorsion of 
(luovoacout On K-radiatiou excited by molybdenum TCa-liuo, but tlio 
cuicrgy valucH of the Oii-lovcls (column 3) arc found to bo sensibly 
did'orent Irom tlio values obtained by Hpoctroscopio mefcliocls {vide 
column '(:). . . . . 

Robinson and Cafisio, B'oe, Ihij, Soc, 113^ 282^ 1937» ' 
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Table 15. — Li^^4eveh of Cii calculated from internal conven^iorL 


Line v/i? 

Interpretation 

Energy level 
(calculated) 

Actual value 

50C9 

692'8 (v/ftof CuKai)~86'9 

.Tji-8ry9 

1 L == 80*5 

519'3 

-73-5 

L2=73'5 

L2>3 G8'8 

572*4 

6r)5-9 (v/i? of Cu K^)-83-6 

L,-.a3-5 

1 L| === 80'5 


Tims when the fluorescent Ka-radiatioii of Cn in passinjv through 
the extra nuclear electrons releases an electron from the Li-lovol, it 
requires the energy v/i?—86*9 which is near to, but aomewluit greater 
than, the value 80*5 obtained for the Li "level of copper from direct 
absorption experiments. When the fluorescent K/3 of Cii in passing 
through electron shells releases the same electron, the energy 
required is found to be v/7i!—83*6. Similar anomaly is observed in 
the case of electrons released from tlie Lg and La-lovols. 

But the same authors showed tluit when the Cn K-radiatidns 
fi'om an X-ray tube arc directly used to iri’adiate a Cu-plate, tlm 
energy required to release the electrons from the various shells are 
found to have qnitc normal values, as shown in the following table : 


Table 16. 


Lino yjlt 

Interpretation 

Energy lovol 

Actual value 

51S'3 

692-8 (v/i? of Oil Ka i) -SOT) 

L, «80f) 

Li =80T) 

524-3 

» » ' ""08*5 

1 

L2»3^fl8*6 i 

Lgjs =^G8'8 . 


These results were ex])laincd by Robinson and Cassic in the 
following way. When a photon of suitable energy is allowed to 
traverse a normal atom, the energy spent for releasing an electron 
from any shell is of course equal to the normal*energy of binding of 
the electron in the shell. But the case is different when a lluoroseout 
line, say Ka traverses the shells of extra-nuclear olectroiis, Now tlic 
atom is not normal but ionised, as it lias already lost one electron 
from the Lg-sliell. Hence the energy of binding in the or the 
Lr^^l'cll is increased, because now the external screening due to the 





§246a.l 


CALCULAriON OF ENERGY LEVELS 


489 


Ls'sliell cliininiahcs. This explains tlie results in a general way, 
but a quantitative treatment of the results is still awaited. 

'I’ho nature of secondary electron emission being understood in a 
general way, the activity at the present time in this line has turned 
on quantitative experiments. Before giving a descrqition of these 
works, wo describe the results of one typical experiment duo to 
Robinson on secondni'y omission from gold when illuminated by 
Ag K-radiation. 

The .silver radiation consists of the following lines;— 

iig Kttt .... v/if = l(iU2'3, 

Ag Kag.... vjlt - KilD'C, 

Ag icp,.... v/R » mr-i, 

Ag ICpi .... v/R - .i87{i-0, 

In tlu! fol]r)wing table is shown the energy of photo-cIcctrons 
eject<al by tho.se rays from a gold-phitc, and the interpretation of the 
resnlts. 


'fable 17,—Primary ^-ray speetnm of yoM irracliateil by 
Aff K-rddiation, 


XjiculGnii 





rmliatioii 

AgKai 

Ag Hat 

Ag K/3i 

Ag Ka2 

Kiiorgy \ 

absorbed 

1032'3 

1G190 

1837-2 

187M 

, 

57S-1 

r),99-4 

777'0 


Li - IOGO‘2 

577f> 

604-1 

782-8 

860-6 


(im 

60ry2 

S22'8 

862-1 

1014*4 

G22f> 

G19-0 

827-9 

996-6 


7,'ill-S 

7m 

968-7 

lOOO'G 

La - 87«f) 

7rm 

743-0 

901-8 

1 


Ml « goS'D 

uno'd 

mo-i 

1 

1 


laso'O 

1872-0 



Ma - 23r»'l 

m!)Ta 

1404-2 

■ 




1429-7) 

14W8 

1G34'4 

1707-0 

Atj »» 203'8 

1434-2 

1421-9 

1637-2 

1714-0 

«3 ,10913 

pim-o 


1667-9 


1472-8 


1076-2 



'I'he figures in italics aro the actual values of the energy of tlie 
eleotrojiH as calculated from speoti’oscopic data, e.(j,, Ag Ka; - Lj =- 


03 
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1()B2‘3 —1060*2 — 5721. The othor vaUiQ (577*5) is tlio nl)sorv«^n 
value. The diffei'euce between the two values Is small, and cun l>t^ 
a^scl'lbecl to breadth of the Uiioff and other cxporiiuoutal errors. 

The relative intousity of lines in the P-ray speotruni lias bfuai 
studied by Robinson. For this see his original paper {lor. rM). 


on 



247. Space Distribution of Photo-electrons,“ 15 arly workers 
the phenomena of idioto^elcctricity discovered that wluiii a rJiin 
X metal foil is irradiated by nuniiis 

of nltra-violot light, the pluRio- 
clcotrons are emitted in all 

possibk directions, but tlun’o was 
a great preponderance ot tiunii in 
the forward than in the backward 
direction with respect to t]n\ 

incident rays. Similar observ¬ 
ation was made by Coohsey’f' in 

the case of iilioto-cdfJctroiiH 

omitted liy matter irrndiatc^cl by 
X-rays. 

It was found that the sinum 
distribution of photo-olcctrc ms 

doponclod on the nature of tlie 
. . secondary target, the froqueiioy 

Oi t le piiniaij lays and their state of polarisation. Accordiiif^ to 
cJasswrtl thcoiy, tho ejected electrons should lioiiitlioidiino nov- 
PGJK icuJar to the direction of the mys, bocauso tho oloctrie V(u?.C.t)r 
may be niiywhcro in tliis piano when tlic r/iys aro iiiipolmised. |<'„r 
polarised. rays, the electrons should bo ejected parallel to tlu- 

clectric vector. These rules are Kcnorally true, but still it has to 

be explained why the photo-electrons are emitted in otljer (lirecti« Mis 

a a . le apace distribution Ims been ehidly studied b.v fclie 
lollowiug three methods :— 

(1) Geiger Counter method (Bothe). 

7 Biiljb, Auger rorri,, 

and Vt dliam, Xnttall and Barlow). * 

(3) By the p-ray spectrum raetliod (Watson and Alckor). 


V\$. 26 . 


* Cooksey, Phil. Mag., 34 ,37, 19l2, 
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Out of the nbove workcra, Kircliucr imd Bubb used polarised 
X-rays, id., X-viiys scattered by a paraiRu bloclf. In the case of 
pohirisod X-rays, the lateral distribution is studied, while 
for uiii)olarisc<l rays longitudinal disti-ibiition is studied. In Fig. 
2.9, OX is the direction of tlio inoidoiit beam, OY is its electric 
vector. If any photo-electron is driven in the direction OP, 
then i|) is the laUmil angle and 0 the loni/iltKlmal angle. 


248. Experiments and Results.—(l) LongihuUnal dislHIm- 
Hon: MelliiKl 'I’lie priucii)le of this jncthod is illustrated in 

IHg. 2(i. The rays arc 
allowed to pass into a 
ehambor X filled with 
a gas whos(! photo- 



elecstric cniiH.sion is stu¬ 
died. The lower half of 
the eluunber contains 
the (itdg’or coiuitei’ /, 
wln(!li (!uii be moved on 
a semieircle around the 
(Uintre F. The pheto-ehaslroiis (uitor through the slit M and are 
r(!coiv(!d ill tlu! eounter. By ehniiging the angle d, the emission in 
dill'ereiib direetions ean bo studied. The curve (Fig. 27) below 
shtnvs liw re.sults wilh OHClji in jiolar eo-ordiiiatos. There is a 
marked assymmetry in the position of the direction 
of irmxiimim emission. It docs not lie in the direc¬ 
tion of the electric vector. The reason will bo. 
e.vptained in tlio next section, but a brief idea may 
be given, 44IC ((uantum of X-rays gives the cleot- 
roii a forward impulse equal to hvjc. The siiacc 
distribution follows the 8in'*d-lnw but with a forward 
component. William and Nuttallf repented the 
Hunie observation by using n cloud chamber. They 
obtaiiiod results similar to Bothers and are illustrated in curve 
Fig. 28. It has been foimd that the value of this forward 
compouoivt depends upon the luirdncss of incident X-rays and the 
absorption frequency of tlio shell from which the electron is ejected, 



Mff. ^7. 
ilitilriliuOoh of 

t'lpiilniiiKlii Kjmpo 

OUfihv). 


« Boihe, 8C, 59, 1924 

•[• William inul Nultoll, Prod. Jhii. ^oo. A, 181, (ill, 10:.8, 





(2) Lateral (UstrilmUon.— V\\R lateral distribution oP pliotnnlee- 

__ trons wftrt invtiHUj^iitod by 

Kirchuor* and Biibbf by 
the cloud chambtu* 
method ])()l!iriMed 

X-ray8. In the l!d(Tiil 
distribution no iissym- 
motry lias been det<Hd(Mb 
The distribution mor(‘ or 
less follows cos^ijJ-liiWi 
and it is indopendont of 
the hardness of primary 
rays as shown in Fig. 2\), 
30“ 60“ no" 120 “ 150“ 180“ ^rho inaxiiniuu eniission 

Fig. 28* \YllllAm nnti Nuttnll’B curve. The hIii^Ic curve In thick hoS ill tllO ])hine of 
line is llieorefical flhirtl^-dlfilrlbiilion lew, uiid the (lolled ])ohUTSation« J.i is tllO 
om'Ve li? the experiniciitat curve. It will bu hccii Ihut the ,1 , . , m ,* 

mftxljinun of the ex|>ui'lmciilnl ciirv*! docH not lie ul tl(K)ieti(/al dlstllbutlOll 

Ollier wile it in very dim M nr to the llioorclicnt (<tOS*^'l[J-IaW (iUVVe) aiul A 

is the experimental eurvii 
due to Ihil)b. 



249, Theoretical Explana** 
tion. Auger and Perrin^s yy 

Theory,—Auger and Perrint sug- / / \\ 

gested that when the electrons / / \ \ 

come out from the levels, their 0m\ ' 

dii’ectiori of ejection remains the 1 j 

same as the original direction of „ \ / 

. B \a / 

motion round tlio nuclei at that \ \ / i 

instant but the pi’obability of the \ \ j j 

eniission is proportional to cos^Ct \ \ J J 

where ^^POY iii Fig. 26 is the \ \ / 

angle made by tlie direction of \ \ / /Thtmu 

ejection with the electric vectors /y 

of the primary rays. In Fig. 26, - 

OP is the direction of ejection lUsiriijiiiion of rhatooionironji. 

and if OP be of unit lengtii it is oioar tho iirobubllity 1\ of 

t 137 ® '■ 

t Auger and Perrin, Jour. de. Pliijsiqm, 8, Oil, 1037. 
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emission is given by 

rfco ^ COS^ f/o), 

whore rfo) is the area of oloinonfc perpendicular to OP. 

But cos® ^ = sill** 0 C03** Ij), d<j3 = sill 0 dO tor ill is the pro¬ 
jection of OP on tliG piano ZOY, and 

. rt 

sui ip 

Po = ;'f Hin'‘(?cW . (8ff) 

J^sm^OdO Jff cos”'* i|j dill 

y 

COs"ll)dl[l/ ^,l8 

and Ffd-y^^ -- =icos^|)dl|l .{81/) 

j qCos^ ij) dip Jq sin'* Odd ^ 

Hence longitudinal space distribution follows the sin**(?-law, wJiilc 
the aziuiuthal or lateral distribution follows tlio cos^ ip-law accord¬ 
ing to Anger and Perrin^s theory. Generally the cos*i|)-law is more 
or loss true in the case of polarised ray as can bo seen from Fig. 20, 
in which A is the experimental curve of Bubb, B is that calculated 
from the equation {81j). 

In the case of longitudinal distribution (Fig, 28), there is a 
marked difference between the experimental and theoretical curves, 
lliere is a forward comiioncntwhioli cannot be explained by Auger’s 
theory. Bommerfeld and his co-workers worked out the problem on 
wavo-mcclianical principles and obtained formulae for distribution 
similar to those of Auger and Perrin. Mention may bo made ■ of 
Bubb* and Watson’sf theory in this connection. In order to explain 
the spreading of the photo-electrons, Bubb supposed that the olccti’on 
gets an impulse in the du'cction of the electric vector, as a forward 
impulse duo to the pressure of radiatioil liv/o which is imposed on 
the momentum due to the motion oi the electron round the nucleus 
at the time of ejection. His theory however did not (it in with 
experimental results. 

Watson on the other hand refuses to admit that the initial 
momentum of the electron has anything to do with the space 
distribution, According to him, the electrons are ejected according 
to the clnssioal theory as explained in §247, but duo to tlic seattoring 

* Watson, Phi/s. Rev., 34, 647, 1920. 

t Bubb, ridl. Alag., 40, 82.1, 1926. 
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by the nucleus of the parent atom, the distribution is changed. He 
applied RiithcrEord^s theory of iniclcar scattering of p-particles to this 
case, and derived expression for the longitudinal as 'well as for 
lateral distribution; these agreed witli the experimental results. 

He came to this couchisiou from his work on the distribution 
of plioto-olocU’ons ejected from >solids by tlic fl-ray spectrum metliod, 
as will be described presently, He found tliat in tlie case of a thick 
target there was iiniforiii distribution. As the target was thiiincKl the 
selective emission began to take place, as found by other workers, 
Early in 1912, Richardson* suggested that the forward compo¬ 
nent was duo to the fact that the (piantum imparted not only its 
energy hv but also its momentum hv/a on the (ilcc(a‘oii in its direction 
of motion. If 0^ be angle made by the* direction of maximum emission 
with tlie direction of X-rays 

. hv / 
cos Oo ^ ~/mv. 


where /; is the velocity of the emitted electron, ^riius tlic‘ forward 
coniponeut should deiieiid on the frecpiency of th<^ primary ray,s iis 
well a>s on velocity of the emitted eleetroii, which amounts to a 
dopeudence on the absor[)tLOii fretpieiicy of the level from wlu<iU tlu^ 
eloctroii ^Ya8 ejected. This was found uctiially to be the ease. 

But it was also found that tlio forward component as given by 
Richardson was smaller than that found (ix])erim(fntally, wlnm the 
frequency of the X-rays was very iiuieh larger than absorpiion 
frequency of the level of tlio ejected el( 5 ctron. fSouinHirteldi' sugges¬ 
ted from wavc-mochanicul priiiciides, that 


(ios Oo 
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while according to Richardson 

&/, 


cos 0 ^ 
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neglecting the binding energy of the pliotoelectron. 


* Richardson, Phil 46, 721, 1912, 

t FiWc Bomniorfokl. lI'TiycOliaj), 2, |». 181. Sonuma’* 


fokrs theory gives for tlio K-electron a distribution 
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Willidiu find NufctalFs'^ values soem to atrongthon SoninierfeUVa 
theory. 

Watson and Akkcr utilised the magnetic apectrum method of 
Do BrogUc-Robinson to find out ttio einissioii in different directions 
of electrons ol: various veloeitics, In their first fipparatuSjt they 
used photograpliic recording, but as it could not give an aceunitc} 
ratio of the number of electrons of different velocities, they used tlio 
Gcig'Cir-coiintor insttifid. Their final api)ariitust is briolly described 
below (Ifig. ilO). 



rJir» fUl WntHOii Hiul Aidcor’R 


'I'lio tni’Miofc 'I.' hoiuIh out olooti’oaa when ifc i’h imulintetl by X-rnyH hh 


The iimxinuiin ih found by diirei'ontiiitin}; (;lio iibovo diKtribnlioii. Wo 
(ihllH JJTOt 

„ jt 8Jt fc 

‘' ns* 

Hcnco the maximum will shift lowfirds forward direcfiion as llui wave- 
lejigLh docronses, From tlio aliovo relation ufler some work wo can an-ivo 
at the form cos 

*AVilliam and NiitLall, te, ciL 

+ Watson luul Akkcr, Phijs, ReAh^ 30, 470, 1027; Vroc. Ihy. Soo, /I, 
126, 138, 1929. 

t Watson and Akkcr, Phm* 37, 1.037, 1031, 
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shown in Fig. 30. The olcotronB ejected iiorinally from tho 
target are ninde to pass through slits Si aiul by meuns of a 
tmvgnctic field, and arc received in the Gcigcr-<ionnt(a‘ W. ^'lio 
slit Sa is for setting the coiiiitov by direct photoelcMdrous from tlw^ 
target. The whole apparatus can be rotated about T, so that 0 (^an 
bo varied. The target is an exceedingly ihin ])ieee of celluloid ov(n» 

which the Hiibstniice is deposit¬ 
ed by sputtering. I<\)r fiirtli(ir 
details h(k^ original ])apers. By 
altering the jnagnetie field 
electrons of difierent vcfiocities 
can bo recorded by the (Jonnter. 

Watson and Alckcr n.sed 
gold as tlui source of (fieotrons 
and Mo K(X as primary rayH, 
The distribution of L.rolee.- 
trons with the longitude 0 is 
shown her(5 in Fig. 3 L 
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I"’Iff. in. Cnrvu showtii($ tbu lojiffUiuHnnl fJlH* 
irlbiitloit of |iho(0til(!0troiiH {M^uWnt 
and /IWw). 


'I'Uc maximum is a little forward of the sanu^ iis ol)H(a’ved 

by others, Tins dotted line is tlioorotical eurv(i <hl(^ to tlH‘ wave- 
mechanical theory of Soinincrfeld and Stihnr* 

^ '~C ^ ('• ' Av'’ J"*"' 4 J 


^Yhoro II is the mean energy of binding of 1 jy,n e](‘(‘,irons. 'I'h(» agr<ie« 
mciit is marked near the maxima wlnl(*. at (itlier ])Iae(*H tlun'o is 
variauoQ. 

With their earlier apparatus tliey found tlu^ Following fiu'ts \ 

( 1 .) Lg and eloelrons are omitted iuore tn* less nniformly 
tluiii those from tlio K a?id Li shells. 

( 2 ) The angle of niaxiimim emission is siualha* in the of llu» 
L2 and lifl electrons than in the ciiho of .K and fii. In otluu^ words 
the average forward momentum of atul Bjj (‘lc(;trnuH is greatm' 
than that of K and Li oloetr(»n.s. 

(3) The distribution of JCaud J^i clectronH nr(? tlu^ kiuiuj us 
those of Ml, and that of M^jj ami M!,, tlie same us nnd 1 ^,, 
respeetivoly. 

T^hcBC results are iu eonforniity with wave-nn'cluinical tluan y. 


fSonnnorfeld nnd Sclmr, Avn. d, /V/?y.s‘„ 4, 400, lOHO, 
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250. Absorption of X-rays : Experimental Methods,^— 

Tlio inothod of measuring tho absori)fcioii coolficiGiifc of the general 
X-riiys has alroacly been in Chap. VI, It was meiitioiiccl there 
tluit absorption coefficient of X-ra 5 ^s for matter varies rapidly with 
wavelength and so the absorption cooffi(dcnt of general X-rays tell us 
very little about the incclianisni of absorption. For tins purpose it 
is necessary ti) know the laws governing the absorption of mono- 
chromatic rays by matter. 

Bragg and Piereef were tlui lirst to luakc a sy.stojnatic study 
of the absorption coefficitmt of monochromatic X-rays witli 
diirorent substances. A sk(^!:eh of their-apparatus is shown below 

X-rays from target Tare limited by the slits Si^ 82 and tlinn 
allowed to fall on the spoctrograpli 
(whos(^ crystal C is only shown), 

After rollcxion tlio rays enter the 
ionisation chamber I, so tliat their 
intensity is measured when the 
crystal is sot at the proper angle. 

The crystal allows only monochro¬ 
matic rays to enter the ionisation 
chamber. The absorbing mabjrial 

. , ^ . It. . rlK- A ml I'liii'cif’rt 

1 .S inserted at A, and the intensity 

is again measured. The (experiment is repeated by keeping tlic 
screen at B (in the ])ath of tln^ ray afttn* ro(lexiou). l^lio moan of the 
intiaislticH with S(u»e(in at A and at B imsitions gives us a measuvo of 
th(^ absorption. 'I'lie mass absorption (Miefficient is calonlated from 
tlie c(j nation 

where /o and 7 have the usual meaiiing.s and d is the thickness of tlu? 
scr('.en. 

The intensity of X-rays must not vary during the time of 
exposure. The thickimss of the screen must be uniform. (For 
otlier details see Kirehiior^s IlandlrttijJi dor Fxp. phyd]i\ 24, 
p. 219), The rays entering the ionisation chamber may contain 

^ A good survey of tho exporinionial work on this subject will bo 
found in Kirohner, Tl d Kcop, ph]/si% 24/b Chap, 5, 1980. 
f Bragg aiul Pierce^ Phil, il/ff-y., 28, 020, 1014, 

F. 0:! 
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flnovosccnt and scattered X-rays from tlie absorber, as wcl I us scattorcHl 
rays from the crystal. Further, tlie absorption coellitdimt of the 
crystal is different for different wav(il(‘n^'ths. Some of thos(^ disturb¬ 
ing* factors can be oHminated by placiim* the absorber in (IKtcnmt 
l)Ositions and usino- narrow slits. Sicf^bahn and Winjivardlds'’' ari»nn|i;e- 
meut may be consulted for these details, 

The wrm' absorption CA)rlliderU is not ho woven* th(^ tru<^ pholt)- 
electrie absorption. It includes tln^ q^hoio-elrdrin absorption 
covffieimt t, as well ns absorption dne to sraitcriaa a, '^riius 

^ xjo + cr/p 

(t/p is the mass scattering coedicient, as found out in (41ia|), VI, § .118, 
a is generally small cnini')ared to T in tlu^ (‘-as(^ of rays of long wav(^- 
longthsand elements of Inrgt’V atomic numb(n and so in such (*ascs 
it is generally neglected, fti the case of hard X-rays howev<n* this 
cannot be done, for x and a are now of tlie same ord(M* of dimensions, 

251, Study of Absorption m Long Wave-length Region,™ 

Jonssoatworked in the region fronr7A to IIA and obtaiimdviu*y 
intoresUng results. His appjiratiis was of the usual Siegbahii types 
and so ho used photograiihic r(^(^ording, T\\o. ap])aratns was enchjHed 
in a vacuum chamber, and the crystal was rocked liy a motor housed 
inside the cliambor. Tlie X-ray tube was {if sp{‘{dal design whi(4i 
enabled him to use tlie chiira{4:evistic lines of many dillerent sub¬ 
stances as primary rays. 

His original paper may be eonsulted for timse details, J^Nir 7 A, 
he used Mo Ka-rays, For works in the hing wuvehmgili rc^gion he 
nsctl Nil Ka (X ll'SA). Nm- tlus iiit((i-m»!(liiit(! wiiviiliiiit^fclm Im nsiid 
iiboufc 21 aubstaiicoH one aftoi- tlu! otliei- in liia niiUwitluxli'. 'I'lio 
design of his appimitns wiia siuih ua (.0 allow liiin do all tlii-ao 
opovations quickly, 

Xlio rodocted boiiin Avaa allowed to fall 011 tlie iiliotogniplue, 
plate in anch a way that its upper part paased through ( he abaorber 
while the lower part did not. (!ouae((ueutly iii a aiugle (‘xpoaiire the 
intensity of the. spectnini line eonid be veeorded, lioth with luid 
without tho absorber in the imth. The photographie plate wna then 

Wingnnlh, 

t JCn.ssoii, 71^9. Uppsiilaf 
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jiiicroplioto^rmphod, iiucl 7/./o wuh very 0 {i>sily caleulutod, 'I'lic rest 
of the procedure is as usual 

It must 1)0 noted that the l)hickoniiiji? oF li photo<i’nii>hie pliitij depends 
not only upon the intensity of mys, hut also on the time of (exposure. 
Hehwar/iSchild gave the following ridation eon nee ting tlie J)hiek()iiingj 
intojisity and tuncj of exposure : 

where S is the meaHiived l)la(!konlug, 1 is tlie intensity of X-rays* / tlm 
time of exposure and p is ii eonstant wliieii d()p(?iids upon Llio particular 
variety of i)lute used. 

Ill order to lucasiiro tlic intensity more correctly* Jihissoii''' 
devised an arrangement of sectors Avhicli allowed the iiuabsorbed 
rays to bo recorded on tlio plate for 
diirovenk lengths of time. ABOD 
is the photographic idato. The arrange¬ 
ment of sectors is sliown in Fig. dll 
On aecmunb oE the peculiar forms of 
the sectors, as they rotatOj dillorcnt 
parts of the spectral line are exposed 
for dillenavt Icmgths of time, ahedh 
the spcidrum line, in wliich e is tlu? 
part not absorbed by the absorbesr, d 
the ])art whidi hm passed tlirough tluj 
absorber, /), e are those jiarts of th(», 
spectrum lino wliicli luiv(! bc(>ii exp()S(‘d Eor various durations by 
the sectors. 

From a study of the bhuikening with diHenmt lengths of 
time, tlio blackening due to iafc(5iiHity alone cun be estimated, 

252. Review of Experimental Resultfi.—We sliall now 
make a geiu'ral survey of tlu^ experimental results. Wo, sliall iirst 
discuss liow for a definite! substance, tlio absorption coefliejicnt varies 
witli the Avavol(‘ngth, Wc take the case of Ft, Tlu! absorption 
cooflicients of Pt from X ^ '08 A. units to 0*8 A, iiuits are shown in 
the following tabic. Wlion we jilot \x^^ and p/p against X, wo get 
the curves shown in Fig. 01. 

Jonssoii, /Jm, Upjmla^ p. 12, 1928. 
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Tahir, IH—Absorption rorfficlmt for PL 
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The curve «ho\v« that |.i is very small for very liaixl rays, and 
gradually rises as the wavelength is iiu!r(jas(id. A laaik N’aliio is 
reached at the point K after which al)sor|)tiou drops to a fra(!tion of 



the poalc-valuo. Tliis al)Sor|)tion disonntinnlty occurs at \ 0':l.n A. 

units, and this is the same ns the K-absorptioii edge of Pt mentioned on 
1 ). 439. For whcirgeneral X-rays pass through Pt and fall on a photo¬ 
graphic plate, the raj's on the shorter wavelength side of the IC-edge 
will be .strongly absorbed, whcrca.s those on tho longiJi* side will be 
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transinittecl jnorc copiously, giving rise on the pliotogmiihic i>l!ito to 
a clisGOiitiunity explained on ])* 4139. 

After wo pass the K-discontinuity, p gradually rises till wo come 
to three furtlier discontinuities lying close together. I.^liesc are the 
Li, Tj 2 and L 3 -absorption (Klgos, 


253. Variation of p with Wavelength and Atomic 
Number Z of the Absorber. —The act of absorption consists in 
the photo-electric <dec 



tion of the electrons 
composing the atoms, 
when the frequency of 
iticident rays is snlli-' 
ciontl y I argo. If v > 

X-rays can rclonso 
electrons from nil 

levels from the K 
downwards. But 
Avlien the frequency 
of X-rays falls just 

below Vj<;^ the K- 
electrons can no 

longer bo oject(id. 

The act of photo- 
oloctrio cj(K 5 tion is 

now confined to the 
outer shells. Henco 
there is. a sudden Tim M*fii)Hor|iijoiunHconMiniiiUiH of Pi. 

jump ill tJic value of the absorption cooHicioiit at the IC-limit, as 
shown in Fig. 94, 

Tlie frequency corresponding to the K-discontinuity is known as 
the K-absorption frcqiumcy, and the potential obtained from the 
(Hiuatum eV^hvj^ is known as the K-ionisation potcmtial. 


*l.''he Lji, Lg, and otlier furtiicr discoutinnities can bo 
explained in tlie same way. 

*Fig. 35 shows the absorption (uirve of Pt up to 10 A 
units. The five M-absorptioii discoiitiiiuitics can bo easily 
distinguished in it. "^l^liosc curves give some idea of the vimation 
of x/p with X, Wo have besides to find how |x varies with tlie 
atomic number of the absorber. 
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For obtaining informatiou on this jioint wo coiisidor tho curve 
in li'ig. 36 which shows the variation of (r with Z for a wavelength 
of 1 A unit. 



rjff. tl(Si AljBorpiioii cooflldriil foj' <llfiVi'<'i»t (\« 1 A. U,)i 

Wo observe that ilioro is a strong K-absorption np to 
after which tho ])nlse of wavolongtii 1 A, unit boc(Hm!S too soft to 
eject any electron from thcK-sholL It hIiouKI further bo iiotiotal 
that the (X, |x)-curvc is loss steeper than tho (^, p)-curvo, 

254, Absorption Filters,— It was early rooognisod that if 
a beam of X-rays is ]ias8od tlirough thin shoots of matter (say 
alununium) then not only was the beam absorbed but its sp<uitnil 
composition also changed. In other words, the transmitted beam 
contained more of harder rays, Xlio reason, of conrs<^ is tpiito 
clear from the foregoing sections. X'lio absorption coelllcient varies 
as the third power of tho wavelengtli (not lunir the absorption edge), 
and so tho softer components arc absorbed to a much greater extent 
than tho harder on(3S, X'his fact has been utilisc^d in scjpiu’jiting harder 
components from softer components in a beam of geiuu'ul X-rays, 
in short as a method for moiioehromatising tho rays to soim? oxtcait. 
The absorbing sheet of matter is known as tlio absor'irUon (iUer* 

There arc two methods for studying tho phenomenon ;— 

(.1) in which the softer rays arc out down ; 

(3) in which tlie harder rays are cut down, 

The first method hns already been given in outline, and I ho 
second mothocl depends upon the fact that at the ftbHori)tion 
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discontinuity of a substance tlic absorption cocflicieiit suddenly 
increases. 


The b'jus'r Mrmioi) 

In the table below, the ImlE-value tliicknoss in nun. are ^Ivon 
for dilforent wavolongtlis of some substances, irnif-valne thickness 
moans that tluckness of the absorber whieli will cut down the 
intensity of the ])rinuiry rays to lialf tluur value, If \ix is the absorp¬ 
tion coefiicieni: of ii substanoo for a waveleuf^th X, tlnm tlie half- 
value thickness 
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Tah/r Ifh—Tlalf -rahfr ////e/'f/m’*'' rii mm. 


X(A.iJ.) 

n-i 

0'2 

0‘(I 

00 

9’8 

VO 

If) 

20 

Air - 


1 . 

1 ... 

7200 

' .9500 

lOfiO 

090 

9U0 

'or 

' dO 

a*! 

1 19-2 

9*0 

' 4'8 

1 

2’r> 

079 

O-.'M 

CO* 

21 

17-5 

.12-5 

7‘G 

4-3 

24 

82 

o-ao 

A1 

15 

9-8 

2-d 

0-79 

o-an 

0*18 

1 

0050 

0'024 

Cii 

... 

Of)l 

(r078 

0 025 

0-011 

0'(ior)r) 

... 

... 


An inspection of the tabic will show that for i\l the lnill> 
vi\lue thickiioss for a wavelenpjth *4 A units is 2*4 min, while for 
*() A, units it is 79 mm. So if a 111 ten’ of alumiuinm 2*4 mm. in 
tlnclcnesH is used, it will cut down the intensity of the ’4 A unit 
rays to one-half of their value, but that of '(j A units rays to ath, 
]A)r this can bo calculated readily ns shown below, 

.(:i.0) 

Puttin^i; .r" ' 2*4 nun., — 079, TjJ comes out to be 8, liy 
main tain in^i; the voltni^c' across the X-ray tube to a value such that 
the short wave limit is u(‘ar ’3 A, units, an aluminium (ilUn* of 
2*4 niin, thie.kiiess will allow the spe(‘4ral re|»Ion between ’3 to *4 A, 


^'7\dt»[)tc(l from iSioKhahn's SpcMvo^hi^ne, der WnljEmi^lvahlou, p. -IGO, 
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units to iinss, and tlie softer parts will bo mostly ubsorbod, only 
a nogligiblo quantity of them will bo present in the beam. 

The same ])nrpose will be served by using smaller tluelcnoss of 
heavier metals, but aluminium i>s generally chosen b(‘eanse of 
its advantageous mechanical pro])ortios, and boeauso it does not givtJ 
vivSe to fluorescent rays in the Imrder regions, nor does it (‘-ontabi any 
absorption cliscontinnitios. 


Tim Seoonp Mi^tuop (Sici.KC'rivi-^ b'TT/rKurN(j) 

In many at)plications of X-rays it becomes necessary to remove 
harder linos of characteristic rays. For example, in powder idioto- 
graphy, out of the Ka and of the pritnnry rays, tln^ IC/? rays have 
to be removed, If we select a snbstance whose K-diseonliniiity 
occurs somewliero between Ka and K^, then a /llfKa* of that sub¬ 
stance of suitable thickness will absorb K/J completely, and Ka only 
slightly, In tlie table boloAv, selective filters for .se])araiing tlu^ Ka 
and lines of various substances are given. 


Table 2(K--8eleeAwe for eaUhia oni Ap a)ul srpitraiimj Ka-raijH. 
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F« 

Ni 
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The selective lllter is of tlie material wlniso atomic number is 
one less than that of the eioment whoso Kft rays arc^ to be (iltcnvul 
out, Similar tables can be made for the L-absorption diHcontinuities. 
The tlnclcnoBs of the filter is adjusted by exporiemat, I f the liU(‘r 
exists in tlie powder form it is pressed against ii pa]KM' by means of 
gum.* 


2SS* Mathematical Relationship between Absorption 
Coefficient, Wavelength and Atomic Number (t, A, Z)-AVoi 
shall now deal with the quantitative relation between the absoi'iitiou 


.lf)!?8; Kiistiier, Zft, f Phps., 71, im, 19B|.. ' » ‘ » 
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coodifiiciit, the wuvclcngtli mul tlin atomic nnmbci- of the absorber, 
with the aid of data obtained as a result of the experiments 
described in the previous section. Early 'workers gave various 
empirical mathematical formuhu for exiiressing the true absorption 
t/p as a fime.tion of and Most of these formnitc are of the 
tyt)e 

-c/p .(n.) 

where f?!sa constant, v was generally taken to lie between and 
•I, and ’>n between 2 .6 and Ji. fbit all these formula! had only limited 
a|)i)li(!ability. A few of thcHo formiilie ar(! described below! 

Bragg and Pierce"''.p^Vt ~ 

for Z ~ lil to 70, ^ = '40 to *(>1 A. units. 

Hull and Iticcf.p/p — OV 

whore C =. 400 for Pb, 160 for Cn, 14'9 tor Al. 


GIoclcer;|:... p ^ '0004 for I > 

='0106 for X < 

lUehtmcyer II . xjp — ‘0130. ~ X", for X < Xj^ 

t/p =, -000620 ^’x”, for X > Xk 


Ai,U?ntion jt^lioukl bo droAVii to the point tliiit X denotes the rcM 
'))h(}in(ile(irh and is oqinil to p-a, where pis the (dmrp- 

lion m^ffieiont and e is the sinlUn'ing eocfjmpML 

l^Voin tlieoretieal eonsidorations w(5 find tluit the total absorption 
will bo a coni])nsito quantity made up of the absorption values cor- 
rcspoiidin^j; (.o the (‘joction of photoclectrons fi*nm ditreront shells, 
We can tlnn'cforcj write 

X 'tu, .(12) 


* W, H, liraa'ft' and 8. K Pier<‘o. Phil Maff.y 28, G2G, 1914, 
t A. W. ITidl njnl M. Rico, Phya. 8, 820, 1910. 

I OIneker, Phys. 10, Ofi. J918, 

II F. K. Ui(5hunyer, Phys. Ikv., 18,13; 1921, 27, b 1926 ; 30, 760, 1927. 

oLIum* einjnnnil fornuilto proposed d)y Siopfhahii, ICossoJ, Owen, 
Iliiwlotl, Dnano sinl Mazuindor, Win^rardh, Allen (Phys. 28,907,1926) 
and olhors hco Kirch nor, to. pp- 238—243, 
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^vhero tj,,, .arc absorption coelficionts duo to ojocdon 

of photooiccfcroiis from IC, L^, Lg aiul other levels. Now we can write 


x^K iP Oi^X .for i "= 0 to i 

^0.for X > Xjc 

%,/p = .. • • for X = 0 to ^ » X,., 

0,.for X 

and so on for XjJp^ X^^Jpi .... etc., with .etc,, 

as the power.? of X< 
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So that tho (>(|(tnUoii (.1.2) oaii now bo Avrittoo as 

.. (13) 

Tho o(jiui(}i(>ii liohls from X — 0 to X = IA>r wjivolon|‘'fclis> 
but<Xr,,, tho first torni is to bo oniittod 

Koft'jirdiog tho i)Owcr oC X for (liHbrotifc lov(ds, Joiissonf obtaiiiod 
results oJ: ^r(»at vnliio wluoh sliow that this imlox is alaiost tlio same 
for all tho levels. For ilhistratinK' this point wo show the ourvo 
which represents relation between x/p aiul log‘ X in 37, 

We find that the curve consists of a set of parallel straight 
linos limited between the diseontinuities (Xk^ *•♦♦)» Since expe¬ 
riment proves that the straight lines are strictly i)aralloI to oaeli other, 
it is clear that tho index has got the same value for each part of tho 
curve. Jonsson found it ctiuiil to 3 in all cases, winch is also in accord 
with the (puintinn theoxies of absorption treated later. Wo can 
therefore put 

xIp - + Oj., "h C'u +.for 0 < X < Xk I 

lUKl xIp - (A., + (7.,, -I- + . )?.^’ for < X < K, j 

and so on, 


2S6, The Absorption Jumps. —The value of tho ratio between 
ab.sor|)tion coedicients immediately preceding and following any 
absorption discontinuity may be denoted by the term almrpiion 
jump 8. To make the designation more definite we may add 
suitable subscripts to it, ("•//.. 8,n,,, ....etc, Thus it has boon 

foiiiid for Pt that — ()*(), I’d, When the values of 

these absorption jumps are known, they enable ns to deterniino tho 
relation between tho constants fXv in formula (14). Tims we have 


(Qc-M'V, + 0,., H' . ) x« 0y,+ 0,„ + .... 




+ +. )K 




(15) 


Wo are nogleciing ilie probability of the Biniidtnnoous ojVction of 
two electrons from the same or (li/lonmt orbits by the same nnantnin* 
Probability for such transitions, if they exist at all, ia extre?)iely nnall 
C()in])invil to that of tlio ojeclion of a single electron. 
f flimmont Diss, Uppsala Pi T2i 1^28, 
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SimilavJy 



C^ii, +6r,„ +(70, . ■ . 


C'u, + +. . . . 

R — 

a„+f^n, +6V, + . 


(k, ± r4f, -i-... 


Cs„ +(^M, +^7j,„ + . 

+,■ . . 


i Xi 


im) 


It is to be seen tliat the ubsorptioii jumps tVs ixvo iiule[)(‘n(l(mt of 
the wavelength h It has been foiuicl {vide table 21) tliat 6 k is lavg(^ 
for light elements and gradually drops to snialhjr value for lujuvy 
elements. As for example, for A1 — UVliy and falls to tins vahui 
6*4 for Pb. A full set of values is given in table 21. 

From expression (16) wc further obtain tlnit 

Ck 

. 

The absorption cquationB can now bo written iji tin’, forinH : 


I 

CiiK’^ EovO <X<Xk . , ri.«) 

T/p=--y-~j- Ck^" j'oi'Xif < I .(|()j 

KL) 

Thus the coefRcient of; in the lii’st eiiso w h tiiiuiH that in the 
second case.' Similar results cun bo obtiviiKid for th(! olbor di.s- 
continuities. This point is well illustrated in Fig, :{7. h'oi* jj' 
take logarithm of formnhe (18) and (ID) avu obtuiii 


Ck 


log-- - log T~£-h log SkivI- :■{ log A (0<• I < 


^Klu 

Ok 


k) 




(Ajt X <X<t ) 


Thus the vertical distance botAveeii the aucccissivo imralli!! .steps 
in Fig. 37 IS equal to log 8^,,, As the 8’s are indeiioudonfc of \ mul 

only depend on C's, avc can fuid the total L-diseontiiuiity 6, 

This is given by 

=■ 8 r,,L,' 8 j,,^,„. 8 j-,^j[, 

In the case of Ag, 8 == T25XT47X317 =»B'8 
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257. Jonsson^s Universal Absorption Curve,—Joivsson 
showed that if the ordiruites of! the KLi-braiich oi; the al)sorptioa 
curve be multiplied by fhe new curve will be a coutimuiUon of 
the absorpti{Ui curve for 0<A,<Xic. Tu the same way if tluj ordinates 
of tlie LiLs-branch of the absorption curve be mnltipUed by 

we got a continuation of the curve in the region In this way 

he obtained wluit is known as the univciwd absorption carvi^ for a 
particular elcuu3iit. 

This result is illustrated by the straight oxteusion of the KLi 
brunch of the curve in 1)7. 

258. The Value of Absorption Jumps,—Joussoii further 
showed that th(3 al)sori)tion jump at tlie K-limit is upproxiniatcly 
given by 

8ki„ ■= Vk/v,„ 

where Vj^ andv,^ represeiit tlie K and L-absorptiou frequencies, 

I'lio truth of this om])irLcal law is illustrat(‘d in the following table, 
in Avhich the 8-values arc shown for dilferent eloincnts. 


Table 2h — Values of 8 for diifermt elements^. 


lOleinonl 


Vk /V,,, 

8-1 

8' 

JiUonienti 


Vk , 

{8-i)/8 

la Ai 

lyn 

\iyi\ 

■1)^ 

<17 As 

(i’duS 

(57 

‘Bu 

2(5 Fc 


H'l") 

•Hi) 

1)0 iSii 

(}'f)(iij 

(if) 

•88 

28 Ni 


8'i5 

•HH 

84 Xo 

O'O t 

(ID 

•84 

2!) (ill 


8-2 

•HH 

71 W 

n-df) s 

r)-7 

■8;i 

E5() Zn 

7T) 

8'2 

•HH 

78 IH 

(ID 11 

rr() 

•82 

i5() Kv 

{y\ i’ 

?•(} 

‘87 

7!) All 

SDF) s 

OD 

•82 

d2 Ml) 

71) 

(ID 

'8(1 

82 IH) 

O'd 8 

OT) 

•82 

(1(5 P(l 

(i'B 

(ID 

‘Hu 






\V{\ have 







0 

'W' 


(ao) 


■" Ailoiilirtl fritni KieilnitM', lim, ciL, ]». 

:t I'j,('. SlDiu'i’ mill 1<. A< Martin, /Vw. A’li//' 'H-i 

tj R Iv. RiiilUinytir, Ion. iJl. , . i.. 

'I K. J. M. AUiiii, ri7. 'rii(( otliiM'iliilii iii l,ii!il(!l!l ivvii iluo to JiiiiHuoii, 
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so tiuit the smfiller the Z, the larger will be the valn<‘ of h. 'I'liis 
explains why 5 kli has a large value for light elcniH'nts and gradually 
cliininishes for heavy elements. For the otli(n’ diseontimiitieH siuiilar 
results, though not very satisfactory, have Ixkmi obtaiiuMl, In tlm 
case of L'clLscotitinuitics, BiUikhurst* showed that 

. ^ J 


and so on. The 5-vahics for L-discontiniiities ar(^ given in tlu^ (abh^ 
below. 


Table 22. 


Elements 

Sn,,. 

8. , 




47 Ag 

1*25 

1-47 

3-17 

0*8 

•2(1 

78 Pt 

r4 

1'8 

2-8 

71 

•2!) 

79 All 

P2 

1'4 

2f) 

i*2 

•17 


As true absorption is due to emission of photoeleetrotis, a know*- 
ledge of the true absorption eocflicieatt giv(is ns ininnatiate iiirojanii- 
tion regarding the number of photoehaitroiis omitted by tln^ [lassagt' 
of X-rays through matter. The number n of pholot^hudroiis which 
are emitted per atom by the passage of rays of unit intensity (hrj)iigh 
a distance of 1 cm. is given by 


n 


hv 


CJI) 


In this expression, wo ai’c considering tin? total true al)soi’plit»ii and 
therefore total photo-emission from all tlm Ievt‘ls, ihit w(‘ enn now 
separate the total absorption into individiud ])nrt absorptions, and 
find out a relation between absorption jumps ami tin? nmnbm* of 
photoelectrons emitted from each level It can b(^ shown that (21) 
can be rewritten as 

% + H- .. . = hy ^ "h * )liv\ 

for X just 

and Tj,, + Tj,, + .-= n'h\ = K, H- -h ... .) //v 

I'or X jiiKb Xk , 




♦Bnckliuvst, Phil. Mag., 7, 353, 1929. 
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whore is the number of photoclecfcrons relonsocl from the K~iovol, 
tho Jill mb or re I eased from tlie Li level efce, .. . Me nee we 
have with the aid of (22) 

hi cL "" -I - _____ _ /^IJ) 

"Sjcn "h 

The last terms form Jonssou^s ompiviciil law, and we have similar 
relations for otlier discontiiuiitics. Tliese relations enable ns to find 
out tho relative nnmbor of electrons ejoctcul from the dilFcrent shells 
of any element. Iti the table below we illustrate the case of l\ 


Table 2lb—UolaUve lunnhev of eleeirons in dilfercrtt (Pi 7d), 


5„, 

«1C 

bi'* _8, 

7? ! 

J* i 

<1’0 


/<K + "r/'' ' 


"c/+ 

-. 


6'C j 

'82 

4*22 

•70 1 

*78 ' 


Thus of the total juiinbor of ejected olectrotis 

82 Vo 

( 100 -^ 82 )X 70 -= 14 Vo 
( 100 - 82 - 14 ) X 78 -3 Vo 
( 100 - 82 - 14 - 3 ) - iVo 


fire K-electrons 
are Iv- „ 
jvi’o M- „ 
are NTO „ 


Hence : 7ii, : i n -- 82: 14: 3 : 1 

In an atom of Pt (^>**=78), we know that tlier(^ arc 

2.,.K, 8-. L, 18.,M:, 50... (NTO) electrons. 

So tho relative ionisability of tho electrons (nr the ])robabi- 
lity of emission) arc 

// k 5 n^L : : 88 : 8 : 1 


259, Dependence of x/p upon Z. —It has alrcuuly been 
jnentLonecl tliat C tho constant in the oijnation (14) involves some 
power of Z, ICarly workers put 

G--CtZ\ 

but later it was found that iho fourth power law did not rcpreHtn)(: 
tlic observed facts correctly. Some of these laws have been ^^iven 
already on p. 505, These einpiricat laws involving fractional jiowevs 
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I XI 


of J?, do not probably represent any gi’Ofit advance. In Fact jniiHsnii 
showed that if the quantity , 


T ^ A_ 

p ' Vj^ 

be plotted against log iZl), where A atomic weight and L — Tiosrln'^ 
midt number, the curve is a stmujhl Uue^ from wliich ho d<»duc<‘(l, 
can be easily verified, that 

Oi ZA 

This is known as J(hmo)i\s uvivermi ahso7‘pl'io7i r,2i7'VP and in 
illustrated in Fig. 38. With its aid the true absorption x/o for any 


) 



/oif(ZX) 

rip. IIS. JilnHsoii’n ii»lv(!r»nl <iLj«oi‘MtIoj| (uu'Vl*. ^ 

element ^correspondinp: to any wavelength I can be at once veail out. 
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260. Theories of Absorption.—^^riiongli a rij^orous tlicoroticnl 
ij’OJitincMit of the problem of: nl)S()ri)tion is outside the seoi )0 of this 
boolc^ Wi) shall f^ivo ti sliort aeeoinit of tlio lu’eliininarj^ worlc of J. el» 
^rhoms{)n mul h, j)e Bro^ji:Uc t whicli mny servo ns nn iiPu’odnetioii 
|.o tin* more detailed works of Krninors who used the orbital theory, 
ov l(j the mor(^ re(Hmt works of Soiniuerfeld, Wentzol jukI Stobbe who 
UK(‘<1 wjvN'e-inechanics, 

lk‘for(‘ eonsideibijif these theories the render sliotdd see tlmt the 
ntomie absorption eoelticaent absorption per atom) is 


tAt, - 


[lA. 

Vl 


Ft has the diineiisions of an * area \ for the dimension of pis [Ll"S 
p.r laaiip; a fraetion, and yl/avolnmo ==« [L]’'*. /v, the Loschmidt" 

A\a)^adro number is dinumsionless. 


J. J. Tiro.M son's Thkouy. 


\V(^ ^ive a short account of J, J. "INiomson's elassieal theory 
whieh wns the starting' [)()int of later works. This theory may bo 
rcNid ill (unijunction with his theory of X-ray scattering (§113) with 
whieb it has many points in common. 

Wlioii a beam of X-rays, or radiation of any kind iiasscs over 
niatt(n\ tlum according to the el<^ctromagnetic theory, an alternating 
m. r., ac(s on it for a sliort time, and sets the electrons in motion. 
'^Ilie work so doin^ may be said to be abstracted from tlio energy 
of tint primary radiation, The process (am be matliematically 
tiuaibid as follows. 

1'hc ac(‘elerntioM /’ imiiarbul to the ekadron is Kvjm where 
.W--(a in. f. due to the liglit. 

Tlie total (lisphuumKiiit of tlie (bxitron 



where d length of the pulse, 


J, J. '.rhomson, (hmhivlim of KkNrkiiy Ihrovyh (Ins'ca (ed. 2), p. 32G, 
‘I’ \j. !)(' hrogli(', Atm, d Physuinc, 3. 33, 1022. 
h\ir an neiiount of ]>re>wav('-nieehani(ia (;h(»orio.Sj aeo Coniptoii's 
0 ?^//7^/re/rfn^s*, Chapter XII and original papers ol Kraniors, {I liiL 

^ ^ h\>V wavtHUi'ehaiiieal theories, see Bothe, R A24, <t75-85, or 
tlu^ original papers amongst which the following may h^ 5 

Ami. 7, 001, 1930; AVemtzel, Zs. f ZV//av„ 38, nlS, 1926, 

F. Of) 
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(Xl 


Let us suppose that the restoring force is 
F = - 4 Ji* m .'I' 


Meiico the wor 


11 27ch/' 

k (lone ==1 - If, (lx ^ - a* -XT. • A" 
J mr/- h. 


'J'liis is eriuiil to T^. e, where e is the total eiusrgy of the incident 
[(iilse, and Xg is tlio Iractioii absorbed by a single electron. 

Now the (innutity F' can be expr(!.s.sed in terms of energy 
density of the pulse from the relation that the total energy of 
the pulse 

6 = o U''" 'I- f-' 

8jt 4 ji 

Hence the cocHleient of absori)tion due to ii single electron is 


djt'h/" 


X!! 


. . . ( 21 .) 


1 loro AVc luvvo introdiKUMl a hy[)()(JiotU’.al qiiaiiUl^y </» l;ha lon^Lh 
ol' t\u) pulse* If wo take — A, wo obtfiin 




. 2 ?;ji 


(25) 


Hence absorption in the K-slicll is ^ivoii by 


tic 


nw 


J.T 

-3K 


C-'ii) 


where i\V IS the number of electrons in the K-sludb 

It is easy to see that t,c 1ms the dimensions of iiroa, Ixumuso 

2 

t : — tho classical radius of the electron ™ l‘i) X U)'''’ cm. 

3 me/ 

so that ---1 - 2‘8 X 10"" cms. 

VIG^ 

and /2Af^ has the dinieusion of length. 

In order to express tjt in terms of J^thcjdomic nunibc*r of tlie 
absorber^ we use the usual lh)hr-Mosely form of frequency of 
tlio K-cloctrons 
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in (2n). This gives us 

't'lv f'k • ^ 


.... (-27) 

wlicrc 


- AV 


Hubstitiiting Ah; 

— 2 ami ™ 1, 

we g(‘t 

2x 10- 


IO(|iK (27) i,s of iho fori 11 obtniiHul nxporin hmi billy, 

\j. Do ()l)bunc‘(i fornuilio in Hiibslnntiiil n{>;i*ocnvK‘nt 

witli tho Jibovo, thoui^li bis inoliluKls worn (Ullbront. Ills roriuiila was 




(as) 


I loro t i*oprosoiits tho total ])hoto-'olootrio absorption by IC> L, . , , 
(^Ica^trons, ancb tbo factors 7] roprosont tho connootioii botwcon the 
hypothotieal quantity wluoh is cullod tho lonp;th of the pulso, and 
tho wavelength. 


261, Fluorescent X-rays. —Tho discovory of tho idionoinonon 
of lluoroHconoo in X-rays by Darkhi has already boon mentioned in 
§ 109. It was early found tliat the (lnore.scont rays arc characteristic 
of their radiated jnattor, and in order to oxcito them, tlie exciting: 
radiation must bo of a lii^hor fro(|aoncy than tlui lluovcHCcnt 
radiation. l"he emisBion of lliiore.scent radiation is in fact closely 
rehit(‘d to absor[)tion of X-rays. When a beam of ])riniary Xrvay.s 
of energy just grimtcj^ than tlu! K-absorption energy of an element 
falls on it, tho K-electj'on of tho atom is ejected by photo(.ile(dric 
absorption, ami an electron from some higher shell falls back to 
tlu^ vacant K-slicll, and K-lluores(mnt radiation is emitted, ^.rius 
imdhod of llnivrcsecnt cxcitaticiii ‘was largely used to obtain tlie cha¬ 
racteristic X-rays lu'forc tlie develo])nient of crystal spcctroscoiiy. 
But its chief use at present consists in obtaining a strong beam of 
monochromatic X-rays (Kustuert)} »ud also in chemical {inalysis (STKi). 

hVom the thcori(‘s of X-ray absorption dese^rlbed in the }n*cvi(nis 
section it is ejear that for (wery (pianUnn of radiation ab,sorbed by 
matter, there should be emitted a corresponding (lumvtmn of Ihiorescent 
radiation, But in reality, an exiuit proportionality is nevei' found. 
Tlio total intensity of lliiorescont radiation is always found to be 
less than that of tho exciting radiation. This is certainly duo to the 

De Broglie, 6"//. 

i' Kftstnor, Zs. f. Phys,, 70, B24, in.Bl. 
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iiitcrniil absoL'ptloii of fluoroscciifc rays (Aug(3r processes) wliicib in 
rather sfci’onj^ in tlio case oi! light elements. Wo thus come to the 
iiitcrostiiig (|uestion of v.f]i(UG}iey of the pi’ocluctioii of fliioresccjnt 
radiation. This may be deilned ns 

«j< “ ■N’iJiIk 

for the K-cmissioij, where Wk — tlie iminber of K-qiianta emitted 
as fluorescent radiation and Mk ^ the number of K-qumita absorbed 
by the radiator. am be clctormiiicd experinujutally by nuiasur-' 
ing the intensity of fluorescent radiation, and from absorption 

experiments with tlie aid of relation (2Jl) on p. 511. 

Two methods are employed for determining the elliciency <^f 
fluorosconcc. In the (irst, the cloiid-cluiinber iiKjthod of studying 
the photoelectric absorption (§24()) is used and the number of single 
and double tracks are counted. If s ^ the juunbor of single tracks, 
then .V coiTes])oiKls to the jiiiinber of processes in which lluorcjscont 
rays have been emitted without being internally absorbed. If agaij) 
c the miinber of double trucks, it denotes that the total ninnb(3r 
of photoolectroiLS emitted is fi+(% Hence wo hav<? 


This method has been developed by Anger, and later on by Loclmr 
and applied in cases of Xe, No, O and Kr. d'lieir rcisults ar<j shown 
ill the table on the next page. 

In the second method the intensity of the lluoresceiit radiation 
is directly measured with the aid of an ionisation chamber, It can 
be shown* that if .7, yi, p, %, 7, denote respectively the intensity, 

cross-section, total absorption coellieicnt, K-photoc^lectrii*, absorp¬ 
tion coeflicient and wav(3lengtli of tlio primary bc^ani of X-rays, 
and l\ p', X' are the corrcBpondiug quantities for the iUior(3sc(mt 
beam, tlicn 

A I I 

wliorc ?’ is the distance of the aperture of the ionisation cliainbor 
from the radiator. I'jl is equal to tlio ratio of the ioiusiitioii cur¬ 
rents due to the lluoresceut rays and tho primary rays. Tliis beiug 

For the proof of tin’s relation see Compton's paper [mprd). 
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iiiousunul, a 1 C, (511 11 1)(! This iiKilihnd wiis used by (Compton 

and Martin. Various cornudions arn linwnvta* inua'ssary on ao(!oiint 
of tlic non-honio^onoity of tlio (Inorosriait radiation^ and (Jn^ photO' 
(;l(u*.tric jib.sori>tions taking piacai in tlui ionisation cliainbin*. Tor 
d(‘tails s<Hi ori|i:inal papis's.*^' 

Thn n'snlts of tin? (sxpnniiinnts of lioclnu*, Angor, Oonipton, 
Martin and othors aro .sliown in tho following tabln in which the 


Tahlv "J’L—Kllirhiivij of produrihu of Iv jUiorvm^td mdiatioh of 

rtvoivnls. 


lOliuncnt 

()hHervar 

Metlioil 

K-eiiiciiaiey in 7^ 

8 0 

Jjiii'lmr 

( ‘loud elnunher 

8-2 

10 Nt! 

i) 

e 

8*3 

18 A 


ti 

I'l’O 

18 A 

Aug(?r 

<» 

7 (?) 

2(i lAi 

Iliinns 

ionisation 

28'2 

20 1?’<! 


tt 

29 

27 (h 

ikirkiiy 

M 

38 

28 Ni 

Martin 

1) 

97 

28 Ni 

(Joinpton 

»t 

95 

29 Ou 

11 arms 


97-8 

29 du 

Martin 

M 

40 

30 Zn 

tlarins 

1> 

40'9 

90 'Au 

Mjirtin 

It 

4(i 

:i:i As 

Ika'kf^y 

(Joinpton 

I» 

, 59 

Jli Hii 

IT 

54 

51'7 

94. Ho 

llarins 

e 

9<L Ho 

Martin 

11 

59 

95 Hi- 

(Joini>ton 

IT 

50 

95 lir 

Martin 

1* 

59 

9(i Ki' 

Anger 

1* 

50 

98 Hi> 

Harms 

11 

01'5 

42 Mo 

(Joinpton 

11 

08 

47 A s 

B(H*k(?y 

11 

72 

48 0(1 1 

)) 

>» 

70 

50 Sn 

>) 

l» 

00 

51 HI) 


IT 

04 

52 'L'o 

n 

11 

59 

59 I 

Martin 

T) 

75 

54 Xo 

Anger 

( Jloud chain her 

71 


^ The following works may ho consulted 

Anger, ihmjh /iVm/., 182, 1215, n)2(i; Loolua', /Vd//«. 40, 482, 

1022; Ckanpton, Phil Muff., 8, 001, 1020; Martin, Pnm. Roij. A, 
116, 420, 1.02? ; Stophonaon, /fe, 43, 527, 1033; HiirniH, 

Ann. ii Pliifs., 82, 87, 1020; IJia-la^y, Phj/.s, 64, 437, 1.034, 
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X-RAY SPRGTRA OF ELEMENTS 


1X1 


fourth coUunn j]fivGs tlio ohicicncy of K-’fluorosooiit oinissioti, ft 
will be seen tlint ^venenilly tlie ('niciency increiiseM with iitoini(*, 
miinbor of the ru(liator» and for ilio lit»’htor eleiiients like Ai it ia even 
iioii-oxi^ilxMit. This ih attributed to Au^’er in'oeosses taking l)hice 
as explained already. Recent experiment ol' Eorkey liowever shows 
tliat for elements heavier than 42 M.o the K-llnoJ‘eseeiit yiedd 
deeroa8<}s. The reasiiii for this is not uiuhn'stood, as (hero is no 
satisfactoi’y theory of this ])heiiomeiu)ii at present, An wa\’e 
mechanical theory of Huorescence 1ms been given by W(‘n( 7 ;(d.* 
But it docs not account for tlie above discrepancy. vVIl the 
experiments however verify tlie roinnrkabJc fact that the ediciimcy 
is independent of wav<dciigth of the ])ri(nary rays, provideal that it 
is shorter than the coiTcspondiiig absorption limit. 


]}ool:s /iacoin ntendftL 

(. M, 8 i eg halm, Spcklrotihvpie flnr Non Ifiarnslrtt li Iru (I I). 

2. A. Bintlh, fl d. Nxpermcvlal /dijimk (10,‘10), 

II F, Kirelnu-r, II d, ICxpcrwmdal physiky ^24/1, 1, 1000, 

d, A. 11. Crompton, X^myn and ElcHrons 

5, G. rioYosy, Clmmval Anahjais by X-raya (1002), 

0. A. Sommorfekl, AtowbaUf oth edition (lOMO), 


* G, Wejitiiel, Zs, /, Phys.^ 43, 024, 1027. 



Appexdis: Table 2d. — Warele^igtks of K and L-series emission lines of elements. 

TO CHAP. XIj {A in X. units: IX. U. = 10"“ cm) 


App. ] 


TALiLE OF WAVEhENGTHS 
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Table 25 .— Wavelengths of K-and L-series emission lines of elements.—{Continued) 
[A in X. units: 1 X. U. = 10“ “ cm.] 

Elements | K-Series L-Series 
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The table has been adopted from Sieg-bahn’s SpelUroskopte der Ronigenstrakleii (1931), pp. 183 to 186 and 236 to 240. 
For sources of wavelengths for light elements see §241- 



















Tnhie 28 .— Waueleiu/tli of M-cnussion liiins of oli'.imiUn (A in K, //.). 
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Table 27 .—M-line!t for elemonis 23 Hr to 31 ,% (X in yl" IJ.) 


Element 
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• ►. 


41 Nb 

40-7 


42 Mo 
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45 Rh 
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46 Pd 

27-8 

47 Ag 

48 Cd 1 * 
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* 'I'hese values am due lo Priua aud Takejia lor. eil 
arc duo to Sieghalm, /oc, cii. 
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Tnlife 2S. — A’^-linc.s for Inihl clemmih {K in A. f7.). 
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CHAPTER XU 


TVIK PEIirOUIC GLASSIEIOA1TON AND PLilNOIPDlCS 
OE Al\)M>.*SXlUJCTU:LiE 

262 . General Statement of the Problem of Atom-Struc¬ 
ture.— In toi-e^’oing' chapters a jjjcucral doscriptioii has been 
l^iveii of the (ixperiiuoiits by Avhicli it was ostiibUslied that the atom 
(joasists of a coutral luiclous of positive electricity occupying' a 
iniimto volunKj, and siuTonnded by a swarm of electrons which 
revolve round it in orbits deterniiuod by <pnmtiun jnecliauies* Frojii 
the expcriiuents on lari (0 angle scattenn^^' of a-rays, it lias been 
established that the net nuclear eliari^e on the Jiucleus is Ze where Z 
is the onlhial iiumhar ex[)ressing the position of the atom in tlie 
periodic classilieatiom A rough measure of the number of electrons 
ill an atom was iirst determined by Barkings experiment on scatter¬ 
ing of X-rays, and it is now admitted that the uiiiiibor is equal to 
so that the atom as a whole is neutral, lii the present chapter, the 
arrangemeat of the electrons, and their motion will bo studied, 
The nieelianies of tlie electron lias been studiod only in the .simple 
case of hydrogen, wldcli shows that it is very much diilerent from 
classical dynainics. The electron has also been found to be a more 
complex entity than a mere point charge of electricity. We linvi5 
now to gonoraUse these coiujcptions in the case of any atom, To 
acliieve this purpose, Bohr began witli a review of tlie chemical 
and the physical propertio>s of tlie atoms known at the time* 'J'lic 
chemical properties are summarized, in what is known as the Law 
of Poriodm Vlrndfimlmi^ while tlie physical evideueo.s were drawn 
from optical and X-ray spectra, Bohr put to hiniscll; this queHtlon: 
suppose we start with a central nucleus having the charge Zo^ and 
bring to it the Z electrons one after another, till the neutral atom 
be formed. What are tlie quantum-specidcations of the motion of 
these electrons, how will they be arranged in diUbrcnt shells, and how 
do thcBc aiTangements account for chemical properties and for the 
spectra of the olemeuLs ? 
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PRINCIPLES OF ATOM STRUCTURE 
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263, The Periodic Classification. —Wo slmll now review in 
ii shoi’t coiuptiH.s tlio poriodio proi)orti<^s of the iitotns on which a 
hir^o anumnli of subsotpionl; diHouHsions are l)as(Hl, The poriodio 
])i‘o per bios of atoms wove disc.nssod in the last oentnry l)y Lotlnir 
,M(^yer and Mondelden’, and illnstruted by the atomic volume curves 
and blu^ Periodic '^rablo (table I). As tlie explanation of these' curves 
and tal>l(^s are (|uit(^ well known, wo shall not sto]) to discuss blunn. 

llohr in his survey of Atoin-stnmtnrc made use of a uindilitMl 
stdnahe of the Ptnmxlic’. Classidcution trivcm by dulius Thoinseii of 
(^oiienlm^^en which not only (xtntuiinxl all the points contained in tlu^ 
previous diseussious, but l)roiij>:ht out new features not included 
in tln^se sclumu's. This sc^luane is re])roduced in Pig, L 



In this s<die)ne^ each v(U'tieal column r(^proHCJitH a liorizoiibd 
row in the usual Abrndchn'll' Table, The first eolumn, .consisting of 
hydrog(‘n and helium, stands apart, and constitu(:c,H t!ic (ii'st period. 
-I^lie second ami third short periods arc constituted by the 
grcHips ;— 

([)) Ul to {10) No and (11) Ni\ to (18) A v<^speotiva]y, 
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Ench of tlioso groups contains ciglifc eloiuonts : oloments similar 
in properties being o])posite each other, e,g^, (Li—Na), (Le—Mg), 
(B—Al) ,.. etc .,, The first pair Li or Na is nioiiovalout, the 
sGcoiicl pair is divalent, ...» and the valency goes on increasiiig by 
one, till we come to the end of each period, where wo moot witli the 
inert gases (10 Ne—18 A) which possess no valency. The fourth 
and fifth i)eriods (19 K to 80 Kr) and (37 Rb to 54 Xe) are the long 
periods and each contains 18 elements, and thoiigli they are closed 
by inert gases, they contain a group of corresponding (dements 
possessing entirely new ])roi)erties, These are (21 S(i to 28 Ni) in 
group IV and (30 Y to 46 Pd) in. groii]) Y, Tlu^y are sliown 
soi)aratoly bcung inolnded witliin vortical oblongs, and tlu^ elements 
with corresponding properties are connected by long strokes, 

11 Na with 19 K, and 37 Itb ; 13 Al with 31 Ga and 49 In et(i .... 
Tlmsc connected with upward or downward long strok(»s 
constitute i^es])actively tlic oven and the odd siib-grou])s of 
Mandol(5off’’s classification. We need not ('.onsider tlio further periods 
at this stage, 


264. Idea of Closed Shells.—^Bohr connoeted this pheno¬ 
menon of periodicity of cliemical properties with the idcNi of shells of 
electrons introduced in Chap, VII. It was at first thought that tlio 
electrons are arranged not liaphazavdly but in distinct sludls 
consisting of 2, 8, 8, 18, 18, 32 .... electrons respectively, ns 
roprosentod in Pig, 5 on }). 369. 

When the sliolls are complete, we get imwt gases, '^riiiis 

helium consists of a sliell of hvo electrons. No of an in mu* shell of 2 

and an ont(»r one of 8, argon 
of tlu*oe shells consisting; of 2, 8 
and 8 electrons. Th(‘se sh(.4lH arc 
saturated, and ])ossoss no vahaicy. 
When we add one furtlun* ('hM^ron, 
we got the alkalies Tji, Na, K, III), 
Os and tlio (dement nvnnbru’ 87 (still 
nndiscov(U’cd). Thos(^ nlemon ts are 
monovalent, and they enn easily lose one ekclmi, and acaiiiivo 
a net ])ositive cliarge of unity as in electrolysis. It is supposed 
that tlui extra electron determines the chemical valency, and such 
olcinents are said to possess a unit po.sitivc^ electro-valency, In a 
compound forination like NaP, it is supposed that the loosely bound 




Na*^ ' F 

Kljr* il. rormaUon of NnV Jiiolucnlo. 
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olectroii ill Na passes oil to so tiuit the molecnk' really consists of 
Na’^ and Jf" ions liold together by forces of electrostatic origin^ as 
illustrated in the diagram (Fig. 2). 

When Na loses one electron, it possesses a Nc-llke structure 
and the inn is magnetically neutral, h'luorino on the ntlier band has 
only 5 electrons in the outer shell, and can comph'te its sliell if an 
extra electron bo added to it. As the inert gas structure is iuor() 
stable, this process of aerjuisition of an electron c-an easily be 
brought about Fluorine is thus said to poHs(»ss an alfiniiy for 
electrons, and a ncijalive ehHro-vttlmv.y of unity. 8hnilarly all 
halogen atoms iiossess an electron allinity. 

TUqbo. views were justified by later works. Tlui first electron in 
Na requires an ciuu’gy of only 5*12 electron-volts for diitaching it 
completely from tlio atom, while for detaching tlio second, an 
energy of 40*78 electron-volts are necessary, This shows tluit 
the second electron is very firmly attached to tluj nucleus aud 
cannot be easily split oil’ from the atom. If on th<! otlior hand an 
electron bo added to F, it give.y out energy corres]ionding to about 6 
olectroii-volts, The ihiorine atom thus possesses an innate capacity 
for absorbing an electron, and thus accpiiring the inert gas 
structure. 

26S. Electron-Composition and Valency,—If wo now bring 
2 clectrcms to the inert gas slndls, wo obtain the elenumts He (4), 
Mg (12), 8r (28), Ik (5(0 and Ka (88) which arc all divalent. [V\m is 
exiilained on tlie assumption that botb the electrons fr<ishly brought 
are loosely bound and can be easily lost, 'rims in the formation 
of Mgh\ it is BU])i)OMed thatM'g losers two <‘loctrons, whicli go 
over to (luorino forming two If “ ions. 'Tims the constitution of the 





P r 

Fitf 1), Forjnnilon of tnii(;iu‘Nliiiii DiioUdii iiioli^culo. 


complex is suppo.sed to bo (F”, Mg‘*'^^, F*"), tlio constituents being 
hold together by forces of oleetrostatio origin, ns shown ivi- the 
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diagram (Fig, 3), This hypothosis is .snpi)Oi‘tGd by tlio vu]n<‘S ol: fcho 
I.P/s of Mg, It has been found that tlio 

Ist L P. of Mg =- 7*()1 VoUs, 

2nd ... - 141)7 Volts, 

3 rd ... ~ 80 Volts. 


Thus it is seen tliat it is easy to reniovo two (^huitrons from Mg, 
but the removal of the third electron requires a disproportionate 
expenditure of energ 5 ^ This is ascribed to the fact that lias a 

neon-Uke closed structure. 

We can explain in a similar way the forinatiou of coinpoinuls lik(j 
MgCla? MgO or MgS wliich may bo supponed to consist of 
and Cl“ CP, or O'*', or S““. Thus oxyg(m or Hulphur is 

anppo.sod to poss(»HS a negativ<^ 
oloctrovalency of two, v.e,, they 
possess the innate <Mi])aeIty of: 
acquiring two electrons, and pass 
on to an imu’t gas stru(‘turc as 
illustrated in 1<’ig. 4. 

nigheV'^ Valom — I f 

we bring a further electron to the 
inert gas shells, we get B (5), A1 (13), Sc ( 21 ), Y (iJ!)), liii (57), A(‘. ( 8 !)). 
Now boron and aluminium arc trivnient, forming coniponnds like 
BGI 3 , and A1 Clg which show that all the throe electrons are loosely 
bound. These elements arc therefore called Ihvo.v-vttlriwr eleimuits. 
Similarly C and Si, N and P, O and 8 , If and Cl, |) 0 Hsessing resp(U‘r 
tively 4, 5, 6 and 7 electrons outside the closed luOiinn, and neon 
shells are respectively known as 4, 5, 6 mid 7«valence (‘lenumts, 



Fig 4. FormftHon of ^rgO-Molconlo. 


266. Periodicity of Spectra.— It liim been fnimd tlmfc not only 
the clieraioal properties, but tlic spcctrn of elemcniH ni'o r(!p(!fit<!(l in 
the groups. Tliis has been illnstratecl in Cliaps. VII and IX, in tin! 
case of one and two-valcnco eloinculs. It is ii(*t i) 08 sibl(! lit tliis 
stage to discuss the spectra of other oleinont.s, but it was known from 
early studies thattlic .sijectra incroa.sos in complexity Avitli the iiimibov 
of electrons outside the dosed .shells, and eloinenD.s pos.s(!HHing similar 
propertie.s like C and Si possess similar spectra. A rough id<>!i of tlio 
inci easing complexity of spectra shown by these (’lenients is indicated 
in the scheme on page 416 Avhich shoAVS that comitloxity of spectra 
increases Avith the number of electrons in tho incomplete shell. 
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267, Bohr's Theory of Electron-Composition of Atoms.— 

,l'kjl:oi '0 wo proceed further with tlu', i)ro])crti(i.s of the reniaitiing 
groups iu the periodic W(J sludl discuss Jiow Bohr"^’ souglit to 

exphdii the results just discussed from his theory of iitoui structure 
and succeeded iu giving a precise inathomiitical forinuhition to tlio 
vague ulcas prevailing before liis time. H(s pictured to hunsclf a 
nucleus possessing a lu^t charge Zv. to which (dectrous are brought 
ojic after unotlioi^ till the (juota is full. The ^-electrons must be 
arranged in the dilTerent levels which have b(!en brought to light as a 
result of X-ray analysis {viih Chap. XI). Wa have seen that these 
levels are denotcid by the letters K, L, M, N, O . *. corresponding to*the 
total (luantuin numbers 2, 8,4 .,. etc. respectively. 'Idio (inostion 
arises : liow many (dectrons arc roiiuircd to fill up each of these levels 
completely ? 'riieii again each of the levels L, M has been found to 
be, multiple as a rcjsult of the (.‘xi)oriiiients of Wagner and Do Broglie 
on tlie absorption si)eotra of X-riiys, How many electrons are need¬ 
ed to fill lip each of theses snb4ev(d8 ? 

II: we bring an electron to a bare nucleus it is clear tliab this 
is caught in a K-level, for it must be one, and k-^1 and ^ 

II: we now bring a scujond electron, what will be its quantani 
characteristics? An answer to this (luestioii is furnished from a 
study of the cheinical and spectral i)ropcrti<5s of the clement He 
wliieh has a eeutrul cliarged'2r', and has two cdectrons. If we take 
lie**', we know that the norma! level of the (dectrou corresponds to 
and tlie energy is - J\% H now a second electron 

be brouglit to tins He*^*-h)n, so as to complete the lie-atom, wluit 
will be the ([uaiitum number of the normal state of this electron? 
Thn cleetroii now rcjvolvcs in tlui field due to {jombiiiod action of the 
muileus and tlie first ehsetron, and gives rise to the terms which are 
known from a study of the He-spoctrum. 'riie first ionisation 
potential of He 1ms been found to bo 2<I:T) volts, so that n must bo 1. 
IJ; n were 2, the L P. would have been too small. The electron is 
therefore in the l.s* or K-sliell, and since Jle is an inert gas, it is 
supposed that tlic two electrons iu the Xa'-bIicU form a closed group, 
ix*i complete the shell, (Ifor a description of the Hc-spootrum, 
SCO 8 278). 

When wo turn to the next clement Li, wc find that it Ims tlirce 
electrons. It is reasonable to suppose that tlic two inner electrons 

^ N. Bolir, Zs. /; Phys„ 9, I, I022‘; 13, 117, 1928; Ann. d Phya,, 71, 228, 
1928. 
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foiun a closed group, but the third electron is in ii now shell L 
hiiving }i This hypothesis is supported by the facts that tlie 
L P. of Li, is quite small, vixsy 5'37 volts, and the clonioiit 
is strongly monovalent, and electropositive in character, An ana¬ 
lysis of the optical spectrum of Li tells us that the lowest orbit 
is ?*.(?., the third electron is in the 2.9-slielh 

Bohr next made use of tlic idea that similariiii in chomkal and 
spcdral properHes arises from siviilarity in the constiiiUion of the 
incomplete eledron-shell oiilside the closed levels. The element next 
to Li which is similar to it in its properties is Na (11) and hence we 
have to postulate that for Na, there is only one loose electron, and 
this InivS the same quantum cliaracteristics as the valency electron in 
Li, This is also supported from an examination of the ()|)tu^al 
spectriiin of Na, The fundamental term is 3, and the electron 

must be in a new shell. Hence with Na, the M shell begins, 

TJiis sliows that wo must aecommoclate the electrons which arc 
necessary to build up the internicdiato olenients from 4 - Be to 10 No 
in the L* shell («^ 2 ), The total number of electrons r(Mpured to 
fill up completely the L-shell, ^, 6 ^, its sublevels Li, Lg, La, fe*y 2 .v, 2pi 

is 8 ; and similarly the total number required to fill up the M'l, M g, 
Mg, i.e., 3£f, iipi 3p2 levels must also be 8 . In this way the periodicity 
of properties of the second and third periods are oxplaincKl 

268* Assignment of Proper Quota of Electrons to Sub“ 
levels: (Mainsmith-Stoner.)—But how are these 8 electrons 
distributed amongst the sublevels L^, La, -Lg or 2.s’, 2pi, V The 
correct assignment was given by Stoner* and Mainsmitht, and arc 


shown below:— 


u 

La 


2 Si 

2 .P 4 

2P,n 


2 

2 

4 


Two electons are needed to fill up Li, two to fill up Lg and 
four to fill up Lg. The case of can be ’easily grasped, for it lias 
the same h and /-values as K, and hence it can be saturated by the 
same number of electrons as K, This leaves 6 electrons for Lg, 


* E. C, 8(iOner, Phil 48, 719, 1924, 
t J. D, Muinsniilih, Joio\ Soe. Ohern. Indy 44, 944, 1925. 
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Lfl cojnbinccl. StoJior assigned 2 to L 2 and 4 to Ln, hut it is more in 
keeping with facts to combine the two levels and assign (I electrons to 
2p> According to these conceptions, the constitutions of the cleineiits 
from H to Ne arc as follows :— 

1 . E. U. 


2 He 1 

1.52 





3 Li 

162 ' 

26. 

11 Na 

152 2.S'2 2p« 

35 







d Be 1 

1 . 92 . 

262. 

12 Mg 

1S2 2.92 2/)® 

|362 







5 B 1 

, 162 

1 

262. 2lK 

13 Al 

jls2 2s2 2/)® 

352 3^; 







e G 

162 

|2.v2. 2p‘‘. 

14 Si 

1 ls2 2s2 2/)® 

j3s2 3/j2 







7 H 

IS2 

2,92. 2p\ 

15 P 1 

162 2s2 2pQ 

j3s2 3/7® 







8 0 

|ls2 

[ 2 . 92 . 2/>« 

16 S 

IA'2 2s 2 2j)» 

3s2 3/7+ 







9 F 

1 1«2 

2.92. 2p.^ 

17 Cl 

Is 2 2s2 2j7® 

3s2 3/7® 







10 No 

ls2 

1 2.92. 2/) 8 

18 A 

162 2,92 36 2 


In this scheme Is stands for K, 26* for Li, 2p for Ls and L 3 
coiubiiKid, for X-ray levels have been found to have the sumo 
characteristics us the alkali levels, . denotes that there are 

2 electrons in the l.v or K-slielh 2p^, . . denotes that there are 5 
electrons in the 22 J-shcll. The 2 ^?-sheU is filled completely ^vlieii 
G electrons arc brought to it. Then we get an inert gas Ne. The 
inert gas striictiirc is enclosed within «a cartouche. When the 2p- 
levcls have been filled a fresh period begins. This is shown in the 
second column. 

269, Spectra of Alkali Elements,—^The above hypothesis 
regarding the electron composition of atoms not only explains the 
periodic properties, but along with a few other principles, gives a 
complete qualitative explanation of the spectra of all elements, 
optical as well as X-ray. 







f)3i PRlNCtPLEa Of Al'OAl STRUCTURE [ Xll 

Wq slifill first discuss the spectra ot alfeali olcmeiits as prelude 
to the general study of spectra of Glcmeiits. 

The electron composition of the alkaU-metals are shown below i— 


3 Li ls2 2s 


Bo '‘, B a'• , 

11 Na ls'^2s^2p^ 3s 


Mg+ 

19 K 1 Js 22 s 227 ;“ 3 s 23 ;;<i [is 



37 Eb Is22s22/7'>3s23^)‘!3rf'»ls24;)0 

1 

5»s‘ 


55 Ca 1 Is22s22/;83s23/>03rf' ^isHpOU ' «5s’’5/)"jOs 

Ba+ 


We sec from the above scheme that for each alknli element, 
ns well ns for such ionised elements which are reduced by electrical 
discharge to the alkali stage {vide elements to the right of each in 
the above representation), we liave normally one single electron in 
the ? 2 .s'-s 1 ig 11 , outside the closed atomic core. Tins electron imparts 
to the elements not only their common clicinical properties, but also 
account for the similarity of their spectra» The quantum inechanl- 
cal state of the electron in the normal state may bo completely 
represented nccorcliug to a new system of notation introduced by 
Russell and Saunders by tlio symbol: 

where n ♦ . . denotes total quantum miinber; it is 2 for Li-group, 3 
for Na-groiip, etc».. 

S . ♦. it denotes that the /-quantum luimber^^^O, so that the 
magnetism of Na-atoms in Stern and Gcrlaclds exiiori- 
meiit arises from the spin of the valency electron alone* 

i * inner quantum number of the electron in the s-state, Ifor 

y — I /+5 i ^ t o+i I it 

ie.y we have to deal with a spinning electron possessing the 
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rotational inomeiit’ol: inertiii , inovin^>* in the (iclcl of tlio atomic 
core. 


Tlic problem of the motion of the electron in aucli a case, ^,< 7 ., in 
Na-liko atoms may bo treated in the same way as the problem of 
the spinning' electron roniul the bare nucleus, provided the held due 
to the atom core can be pro]>crly taken account of, For the general 
case of Na~like atoms, the nuclear charge is Zvy surrounded by u K~ 
shell of two electrons, and L-shelhof eight electrons, The action of 
tlnese shells may be su])posed to be represented by a charge - 01 ?, 
concentrated at the contre, ‘ 0 ’ is known as the rn'miivcf condanL 
AVo have then 




-J 


'It} 


Hut in Chap. VIII, the energy of the normal term was cnipirl 
(ailly represented by 


Is 


iiz:^ 


whore Ze net nuclear charge. In this case, the total quantnin 
number was taken to be 1 , whereas now it is taken to ben —2 
for Iji, 3 for Nii. . . etc , ,. T'hc two jv^prcBontationH appear to be 
contradictory to each oilier, 

Hut it will be shown later tluit the present assignment is the 
only theoretically sound one possible, The representations used by 
spoetroscopists were only eini)iri(ial and must now be revised. 


Tine lCx(jrri;i) Hi'a'iiih of Aijcali Itf.KiUKNTH, 

T\\o. furtluu' excit(‘d states of alkali olernents are obtained by in¬ 


creasing BLiccesHively tlie ^ 
(liiantum ntnnbers of tlu^ 2 
valency electron. For 
sodinm-Uke atoms, they 
ar(‘ graplviciilly represen¬ 
ted in the following dia¬ 
gram (Fig. 5). Normally 
the optical (dtastron is at 
3swhi<th gives'the normal 
term Tin* next 

transitions arc shown by 
the sym])ol (1). AVo get 



FJtf, 5. Siniotiivti ilinfifi'fliii of Nn, 
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sueccssively ^P, ^D-ternis, All terms arisiii^j from a diagonal dis« 
placement form the successive members of a Rydberg sequence. 

l^]*om the above Fig. 5, wo find that after tlic normal 8.s' 
orbit, the next orbit of the electron is 8;;, yielding the pair of terms ; 

3 ^P| ... 2‘px ofPasclicu = 24489*31 enr* 

3 ^Pn ... . = 24472 10 enr* 


DC 

>=l 

'< 

)C 

'P'/. * 



‘Pv. 


Wo are again using tlio Riissoll-Saundcrs notation. ‘P^ denotes 

til at I of the orbit equals 1. 
, Tlio state has two ]ios8iblo 
^ energy values according as the 
vectors I and .v arc in the same 
Fig. i\. 'I’hc fomaiioii of ov opposLto directions, ?>., ac¬ 

cording as the spill-moment is parallel or anti-parallel to the orbit 
Jnoincut of the electron. 

Xlic calculation of tliis .seiiaration lias already been given in § 221. 

Wc shall confine oiir attention to tlio main energy term of the 
elc<?,lron moving in tlio ^i-orbit. We may represent tlio energy a.s 
being given by 


3 'P 


32 


■Nvhero It = screening factor duo to 'the 2s^ 2p^ - electrons, wliou the 
valency electron is in the 3:;M)rbit *n^is different from ^ a ^ since 
tlic clGctron now affects the inner shell in a diirerent way {imlo §239). 

The origin of the otlier terms, and of tlie Rydberg .sequences is 
represented grapliieally in Fig. f). Each term excepting those forming 
the S-Panuly lias a double value on account of the interaction 
b<5<AVOOii .9 and I. origin of tho Rydberg se(inence is also 

clearly indicated iu the diagram. 


270, The Irregular Doublet Law, —Tho coiTcctnoss of the 
above assignment of total qiianimn numbers is supported by an 
ompbdcal law due to Millikan and Bowen which aimed at correctly 
locating the resonance linos of each group of elements 

Htidiipccl by electrical discharge of its ontoi.’ electrons so as to be 
vedncetl to an allcali-likc structure. We illustrate tlic case by taking 
tlio Na-group. 

The energy-value of the normal term is 

BhiZ^oY 
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Tho onorffy-vnliio of llie ilisroft’iirding thcs sjnn inter¬ 

action is 




Wo liavo tliorofoi'o 


Avlioro 


V - - ‘'P - AZ-h U 

, 2(o-Jt) „ ry'-* — jc*^ 

A = - , tS r^-. - —- 


Now supposing tliat/aand Jt, the sm'oninfv factors of I.s*^ 2.s‘“ 
sliclls due to the valency electron in tlic 3.v and 3?) orbits, do not 
vary as the nuclear clinrge is varied, tho following conelnsion can be 
easily drawn: 

'I'lic freciuoneics of tho resonance lines of tho Na-like cloinents, 
'/.e., (dements which arc redneed by clootrical discharge to 'll. electrons 
like Nil, Mg '-, Ab':'*', Si '"'’ '' and for a similar reason of tlic other 
groii[)s of alkali-like elements, will form to a first approximation, an 
arithmotic progression, il.’his wius fonnd to bo actually the fact ns 
illustrated in tho following table. 

Table 2>~-T(ludvalion of llie nrcf/iilar douhlet law. 


lOlonrenl; 

11 Na 

12 Mg+ 

13 Al-t-a 

14 

1,5 P-H 

16 B+f 

17 Ol-t-" 

18A.+’ 

;is-n» 1 

10901 

35069 

53680 

71280 

8864.0 

105860 

123001 



2?,.-21)2 

f)p-;W 


!W-<I/' 


M-if 

2Si cm-' 
I.P.in vollsl 


7 ,s' 7 /ii mil :i7(ioo mm 17217 nm 


12 ion 


05730 


020:17 


88072 


1.14755 


140.'! ill 


22t>21 2(iH07 LWlJir, 2(1022 20002 


5415 


22308 


51058 


9.3782 


148380 


215200 


mim 20200 42i24- 04110-1 00220 


5492 


20354 


41351 


006(10 


14202 20007 20220 


41449 

5-12 


121267 

I4'97 


2295431 

28*32 


3041771 

d4'05 


I524491 

04’7 


709500 

87'0 


920 ICO 
113’G 








538 


PHWGlPLIilS OF ATOM STRUCTURE 


I xn 


iVo/6,—This conclusion was first drawn by Millikiiii and .Ilowinr'' 
from a study of tho curves given by G. Hortzt about l.h(i vahujs of the 
X-ray energy levels of Li, {vide p. 449). As stated in §235 Ilmt/ 
showed Lliafc 


= constant . . 

The law ia explained if wo assume that for tluj L-Hholl 



Z— a /vu„ Z--it 
2 ’ V -]^ -=— ' 2.' 




IA; tho screening constants in tho two levels do not vary as tlu^ iiuel('nr 
ohavgo is in creased, Millikan and Jlowon ox tom led this riih^ lo tln^ optical 
region in the way montioned above, thoiigli tlio two cjises are not (exactly 
parallel, 

It is apparent that the above deduction of tlio irregular doublet law is 
of the roughest nature possible, anti cannot stand (dosor scrutiny. Yet in 
the hands of Millikan and Bowon, it served asa vnlimblocliuj for identifying 
tho resonance lines of olenionts reduced by an exceptionally slrong 
electrical discharge to tho one-valonoo state (sirippeu) atoms), This was 
done by passing a spark i)otwccn the electrodes uinha’ very bigli vacuum 
(tho method of hot sparks). Under sucli eonditiojis, jio spark iisnally 
passes between tho electrodes (no dischargo statu), but when tlioso are very 
close, olcctrona are pulled out by tlio largo electrical field, and tbcsn ionisi^ 
the atoms to such an extent that they lose most of tlioir (niter elecjtrous. 
For example if we take Si» wo can got by these mothods, tho sjiiudra of 
Si, Si+, Si++, 8i+++ and possibly of higher stages of ioniHiUh^i all 
mixed together* How can one, from such a medley of cxpiwinumial 
data, pick out the lines of tho olement in any particular Htagn? of ionisation ? 

Millikan and Bowen showed that for tho alkalidikii ehnnents, tlie piur 
of resonanco linos can bo easily picked out with tluv aid of sumi- 
cmpirical rule, as illustrated in table 2, 

It is clear that tho rule sliould liold only for all transitioiiH for wiiich 
the total quantum mimbor does not change. If AnAf:0, thornhj sliouhl 
noMiold, as shown in tho 3rf-4f series. For tlioBo and other extciisi^niH, 
various papors'hvhich have appeared on tiie subject may ho (!onsulti»d. 

271, Calculation of Term Values t Penetrating and Non'* 
Penetrating Orbits.^Wc shall now consider tho gonond iivnbhmi 
of calculation of the term-values for the iilkali clenmnls from llu‘ 
atomic model. T he goaoral alkali element may bo taken to consist 


Tvr -KT Bo won, Rev.. 84,209 1021* 2K 
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of ii uuolou«, roluid wlucli wo liiivo a miniboi’ of uUictroiis forming 
closod shells us in an inert gas. This strnetiiro is what is known us 
the atom core* U^he valency electron revolves roinul the core in 
orbits whose n and h are given, A. rough uhia of the dimensions 
of tlu^ core can be obtained from indirect evidences such ns intensity 
of X-ray relloction in crystals.'’' The values for tim alkali elejvients 
are shown below, where r stands for the radius of tlui atom core, 
that of the normal liydrogen orbit, and C==-.^*i*utio of the dimension of 
atom core and that of I l-orbit. 


Tdidr. .7 .—Radins of the aloni core. 


Ton 

14+ .Na+ 

K+ 

llh+ 

Os+ 

r 

•28 -.ll 

■82 

1-20 

l,•‘18 A. Ibdta 

l-r/tiQ 

•no '77 

lf),l 

‘2-20 

2'80 


ft th(^ eorc continiHid to remain undtsUirbed during the motion 

of the vahmey eh?<dron, llie eomiKMisating liold which it produced 

might be [lut c(jiml to that of coiiccntnited charge at tlie centre, 
where is the number of (‘hjetrons m tlie core, fii this case, the 
s(n’(*eiung constant Wi)uld be siiniily Zf(y and the energy value would 
1 h‘, ~ ]ih(Z - Za)'hf'\ whcv(? yi'— total tiiuintum number of tlie 
orbit h'or Na, this would im^an that tlie Cinergy of the chudron 
in tlie l]'p^ Mr/ or M-v orbits would bo the same, m., lint 

a glance at the term-values shown that this is far from being 

the easc^. 

!h'o:r illustration, we rr'pnjsent the term values by ellective total 
([uantinn number in table 1. We put 

T --- 7^//4 or lie Jiff .OJ) 

lie iiiiiy be celled the effective- lolnl ijiuinliiiii nmnher. IIiIh ciin 
bo eiiHily ealciiliited when the tenri-vnlue is kiumii. "PhuB for Na 
its' ‘‘iSj, T --- 41‘:1;4S)'0, and tie can bo easily shown to be 1*03. For 
i]p , He »= 2*12 .. . etc. 


* Vide Ghai>. VI, § IM4, 
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Table d.—Tenn-valncit for Na-spcclriim and Uiv. vlfi'iilm (//lanhiin 

nanibcr . 


n — • 

! 3 

4 i 

5 

(i 

.S’ 

1-0 

4I,449'0 

163 

15,709'r) 

264 

8,2l8‘)i 

3-65 

ri,o77‘:i 

466 

V 

/-I 

24,4757 

212 

ll,17(}‘l 

314 

0,400‘3 

414 

4,151‘3 
614 

d 


12,27G‘2 

2-99 

e,900i 

3‘99 

4,412f) 

4-99 

3,0(ir9 

590 

f 

7-3 


C,8G0‘4 

400 

4,390-4 

500 

;i,oi!b(i 

600 


A glance at this tabic shows that i’ov the d. and /^ci’iii.s arc 
very nearly equal to the total (|uaiitum iiiimber, while for the s and ■}> 
terms,sti’ongly deviates from n. Thus for the IJs-orhit, u • M, 
but u„ = 1’63; the same is true for the other .s-orbils. h'or the 
3p-orbits, n •= 3, but iig => 2’12 .., etc.... fu fact we can claH.Hi.- 
fy the orbits into two classes* (1) non-hydrotjenio orbits, c.j'/,, the .s and 
p orbits in the case of Na whore strongly deviates from n, 
(2) hydrogenio orbits, e.ij,, d, /'orbits for Na where is very nearly ii. 

The phy-sical argumout for the oxisteuco of the two diirereiit 
classes of orbits was iiivst given by Schriidinger.f lie showed that 
the uou-hydi’ogonic orbits are those which, on 8onimerfeld’H orbital 
theory^ are strongly eccentric; e.g., for the «.v-orbits of Na, w(' 
haves = n\n\ for 3.v, e = 'Odd, for 4.v, e '-'llliH, for il/j, 

e =‘745. Those for which the eccentricity is zor<t or small 
continue to be hydrogenic ; thus for both 3d and if, e = 0. 

The correctness of this explanation is readily seen if \yo. review 
the term-values and values of the oircctivc totid (inantnm number 
for the other alkalies. This is ealoulated in table 5 and shown 
graphically in Nig. 6. It is seen there that for Li only .v-orl)its are, 
non-fliydrogenic, thep-orbits aio hydrogenic. This is ai)pareiit from 
the fact that for Li, the first'/j-orbit is 2p, u = 2, k = 2, b = 0, while 


*Gootl accounts of this subject will bo found in iSominerfeld'H 
Mombau ... (4tlj Edition), §4 ; W. Grotrian, Jl d. Aslrophysik, 3/J, 
Chap. 5. <./.,! 

t E. Schrodingor, & JVm/5., 4, .347,1921. ’ ' 
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The hydro^nic ftad Boa-hjdroKenie «f t 

. «rugir<Mc M-rtti. oi lUfculj eJeraents Li, Xc, tT, i:b. 
















PRINGtPLm OF ATOM STRVCTURIi! | XKl 

for Na the enso is otherwise, for Eb even the ^/-orbit is iion-hyclro- 
genic, for 4rf is the first f/'-terin and 

E =a-3V*i')^ -= x/7 /4-*Gri 

Let us now see why in strongly eccentric orbits, tlie torin-valucs 
become iion-liydrogenic, Tlic argument first given by Schrtklinger 


Table 5>--Tfic effecUve quantum nnvihcr for Ike Sy i\ D4crmf^ 
of alkali cleMcnis, 



is as follows 

It has been shown in §174, that an 7?;^-orbit in the hydrogen 
atom possesses tlie eccentricity 


and the distance of nearest approach of the electron to tln^ nncLfiis 
is 

(I ^ a (I - s/[ ~ 

= (1 - 

It is ciciii' that when h n, tiie orbit is too imi<!h (‘ccenlrtc, 
and the vnlcnicy electron may apiJroaeh very close to the inner 
shell piirtioulnrly in the case of tlie s’-orbits, as shown below :— 

Is 2s 3s 4s.... 

d/cio .... 1 ‘536 '532 

When we take the ono-valencc elements and ions, i?,r/., the Na- 
like atoms, the normal orbit is Ss and the radius of tlio normal 
Na-atom has been estimated to be 77 A. nnits. Siipimsing the 
calculations for hydrogen apply to this case, the distance of nearest 
approach of the valency electron to the nucleus is '40i\ units. But 
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tho I’iulius ol! the Nii'*'-covc hns boon oatiniatod from inociaiu’cmontH 
of intensity of X-i’iiy rodoctiou to be '41A unita. Hence we find 
that the electron in tlie !5.s' and otlier higher 4.s'-atii,to.s miproach very 
close to the core. Schr<kUnf(or anppoaed that in these and similnv 
eases when the electron approaches too close to the inner eori^, it 
penetrates the latter. What will be its subsequent motion? It is 
clear that now the electric field will be greatly (mhane.ed, as the 
sereeniiifi; due to outer electrons is partly removed, and lienee the 
electron will describe an eccentric orbit id' snialler diimmsioiis. 
After deseribiiifx this orbit, it may be expeeted to come mil, 
and describe the reniainiiiji; part 
of the outer orbit. 'I'he snppo.sed 
liath is rei)re.seiited in the followiiij'' 

7. 

[•'or siieli penetratiiiK orbits, cal- 
eiilation of tcrm-viduca ia aomewhat 
comiilox, and thia is carried out ia tlic 
next sootioii. But it can bo inferred 
even witliont those ciiicniationa that 
the onerKy vahioa of these terms will 
diverge greatly from tho hydrogenic i.’i|f.v. tii« |.cmirnt(tiK orha, 

valnoa, from UZ^fn^. 

272. Term-values for Penetrating Orbits.*—Btarting from 
SehrfKlinger’s ideas. Van Urk gave an a|)proximato cidcidatioii of the 
energy value of tlm electron for a penetrating orbit of alkali-like 
olemonta. '[fhe atom is anppoaed to conaiat of the inert-gas-lilco coi’e 
j’oiind which the valency electron moves in tho )iic -orbit "I'lie cove is 

assumed to hiivc the radius Beyond tho di.stiuioo the valency 
electnin moves in a field which ia due to an eireetivc charge % which 
ia .1, for a neutral atom liki^ Na, 2 for a singly ionised atom (M’g+) 
3 for a doubly ionised atom (c.!/,, A1+ '’), etc. '[I'ho charge on tho 
outermost layer of the core ia taken to be ;s'_, (fti/., for Na, it is 2.v“ 

2 j)'’ S'a =. S), so that when tho vnleney electron penetrates this outer 
shell, tlio effective nuclear eharge under which it moves becomes 

* The l,i'(inl.mnnt given hero has lieen adapted from that given in 
Pauling and Goudsmit’s "SlruHmr, of Line Speclra,” Olin]). Il l, wliere all 
die veferPiiecH will he found, 

t Van Urk, %it. f. Phyn., 13, 2fi8,1023, 
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'Xf^ + X. The expressions for tlie potential enerfi'y are now 
respectively 

V (r) =• - ^ • • • fo’-"'' ..•••• (outside thc couo) . . (4) 

_ _ , foj. j. < ^ rto .. (insklo the eoro). (4/) 

r 

X o^fQfo . •* is the constant iiotoiitial of tlie outer shell of tlie core 
inside itself. , , 

It is clear, from Yig, 7, tliat the complete orbit consists of two 
parts, (1) a part lying outside the core wliich is segment of one ellipse 
which may be called the and (2) a part, lying jnside the shell 
which is segment of another ellipse wliichmay bo called the iiwm 
The inner ellipse is much smaller than the outer. The dimensioUH 
of tliesc ellipses may bo calculated in the usual way. 

The Hamiltonian for the motion of the oloctroiris 


TF. .... (.'i) 

where IKtho energy constant. Now Po /t7//27C and this is common 
to both tho ellipses. 

The value of is given by the integral 




-l-y.y/2 m j^TF+ 


r 


4jt*r' 


]_,—y ,,,, 


'L'ho integmtion is to extend over the wliolo orbit. It i.s not 
pos.siblo to cany out tho integration ifnless the form of ilio orbit is 
known. When tlio form is known, IF can bo expressed ns n fiinetion 
of {/.•, ??r), but on account of tbe introduction of unknown quantities 
like >8 , 'wliicb should be as far as jmssiblc cliiniuatod, IF is no 
longer simply ns in tho case of hydrogen. Van IJrk 

gives an npjM’oxiiviate solution in the following way. (I.'ho part of tho 
orbit external to the core, being too niucli eccentric, may bo suppo.sed 
to be almost a coinplcto ellipse. We may put for the external region 

R'‘ , . • 


(«) 


TF= - 


2ffo 


n^„ 


where Uff is tho onter effective quantum inunbor, 
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Tho seiiii-inajor axis nal'i and wo may bo ]>ut = k+riya 
wlicro 


Ifc is cionr that may bo fractioiial, us the outci' part of the 
orbit is alone considered, It can now bo shown that the part of tho 
orbit inside the core is also a complete orbit which passes out into 
tho outer orbit ^a) somewhat as shown in Fig, 7. For this region, 
we liavo 


(]\ IF— 

[h) IK --o:;“t:2 

dfKs 


)V 


d- • 


cr 


. 2Ih, 




f -ci 




whore iif, is the inner total quantum number and ^ krhiyiy whore 


» 2m,[W-l - - - <lr 

over tho imicr ellipse, ftiid somi-major axis =■ «o n/J {x+Xg ) 

Lofc IIS SCO if (li) is consistent with our pioturo. Tho energy must 
bo tho sumo for both orbits, honoo wo have 

K “ nl % 

Now ( X + 3s but ^ ii-b , honco wo have 
(*-l-3.s)“ „ 2rs 


or 


X "I" Xg 


X -I- Xg Xg 


& Ko o 


Now 2aonh^j{x T Xg ) is tho major axis of tho innor orbit aiul 
it is loss than t^o, tho radius of tho ooro. Honco tho valency 
electron, on iionoti'ating into tho core describes a comploto ollipsc. 
A?o have soon that tho path outside the core may bo taken to bo an 
almost complete ellipse. But there must bo n steady and continuous 
passage from the outer orbit to tlic inner. Hence we may take that 
tlio complete patli is as depicted in Fig.'7, consisting of a big outer 
ellipse and a small innov ellipse, which pass contiuuonsly from tho 
one to tlic otlior. A inininuun value for 'Wj tho oiTcctivo total finan- 


Seo also M. Horn, Forksunr/r.n uher Atom niechanih, Oliap. 3, p. B)4. 
p. $9 






u-ty 


X-l\,l LJiUiJ i-'A' 


turn number for wliich this assiimptlou can liokl good may be obtaiiu.d 
from tlie observation tliat tlio aphelion distance of tlio oU.ction in 
the inner orbit must be at least equal to ^rto, otherwise the electron 
will never come out of the core. This gives ns the condition 

(1 + e ) Koo 

whore ® ~ 

l*'rom these two equations, wo obtain after some woik 

-I' «•-« )..(7) 


From what has been just said it is clear that Hr ~ lira ‘^h'h 
But nil ~ '■•= «"»//•« 

^ (» H- *» ) 


Hence 

Now 


A = n~n„ = ni-k 


k . 


(S) 


gives ns the value of qmnkm defect* According to waveinechn- 
nics, we can replace /c* by I {I “|- 1) and U by (/ -1- -i). 'I'lien from (S) 
we obtain 


'llrh ^ 


I (* -I- iCs )' 


V2CU -1- *«)-/(/ t:l) 


-(/ d- i) 


. (Hii) 


This formula shows that the quantum defect is independoiit of 
the total qnantnra number n, and thus is apiiro.viinately the case as 
is clear from Fig. 6 and Table 5. 

Further the value of t for the ions of the alkali elements can 
be obtained from X-i’ay data, and A may bo actually culcnlnted by 
taking »a = 2 for Li and 8 for Na and other alkalies, 'riie agree¬ 
ment between calculated and observed vnlnos is shown in 'rnble (i. 


273. The Term-values for Hydrogenic Orbits: Polarisation 
of the Atomic Core.-^Evcu the tcrm-valnes of the orbits which 
ni’c not eccentrio like the 3d-term of Na is not exactly cipial to 
lltn^, but differ slightly from it. The defect is of the order of ‘Ol. 
in the total qimntiuu number. Born and Hoiseubevgt suggested that 
* It will ho noticed that is the same as dofiaed hy {>(jn, (3). 
f Born and Holscnborg, Za. f. Phijs., 4, 347, 1021. 


{^273 J TlSKM-VALUiiS FOR llYbROGlSNIC OtUilfS 


m 


Tnhlc ().—Ohwrvvd imil mfcnlafal voIiich of llyiiherg 
r.orradion A for Ihc. (ilhiU ele/iioiiin. 



B 

P 

D 

Eloinoi»(i 

()l)«orvc<l 

Qilciilatoil 


(JnlcuhiUnt 

OI)Ht5l'VOil 

Cnkulaiod 

Li 

0‘<L0 


004 

,.. 

O'OO 


Ka 

rB5 

8-30 

(1*85 

0‘51 

O'Ol 


K 

2-10 

2'I<1 

J'7I 

P23 

0-2o 

047 

lil) 

iVV:\ ; 

2-70 

2'GO 

1-78 

i-34 

0-9G 

Cs 

<l:0(i 

3'05 

im 

2-13 

2-46 

1-28 


this might bo olno to tlic i)ohirIsatiou of tho core in the field of 
the valency electron, the oUeot of which is to add a small term to tho 
expression for forct! duo to tho point-iuiclcus. 

It is proved, in treatises on Classical Ifiloctrlcity and Mngnetism 
{vide deans, JClacirmly and Magneliam p. 180) that when a small 
splicrical metallic conductor is placed in an electrical field O' the 
conductor becomes polarized, '/'.c,, positive electricity accumulates on 
one side, and negative electricity on the other, '.riie electric moment 
of tho induced dipolo is a/d where a is called tho polarizability of 
tho ion and this is ccpial to «*, whore a, is the vadius of tho sphere, 
il'lic energy of polarisation is ecpial to -i 

Now since in an alkali atom, F ~('!r'\ wc have tho polarisa¬ 
tion energy cfiual to-ft"cV This is to be added to the usual 

energyand its value is small compared to tho Coulombian 
energy'I’lui polarisatiini energy can therefore bo treated 
as a perturbation term and its average value can be; calculated with 
the aid of wavemcchnnics. il'lio expression for energy for such an 


orbit now becomes 


TF= - 


li/J 


2aa " 2 " \ 7 v 



Expanding in jmwers of 5/«, and rcmenibcring that 6 is a small 
quantity, wo have 


n" Ho ft" 
2Z 
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Tlie value of can bo obtaiucil from wavemoclianics (vida 
Sinckal, Qiumten, p. 286). We have then* 

.. ny. f 1 /(/ + !) 1 


8 --= 


(40) 


4«oM/-i)(m)(/H-l)(/-H)/2) • • • • 

The values of 8 calculated for the rf-series of Na with tlie aid of 
(10) arc shown in table On. 


Table 6a,—The qmnlmi dcfettl 8 for the d-lcnnx of Na, 

n == 1 

3 4 6 6 7 H 

8 observed 

8 calculated 

0010 0-0112 00126 00124 00125 O'OllO 

0-000 0-0102 0-0107 Q-OHO OOIII 0-0112 00116 

The value of a in eqn. (10) necessary for tho iil)OV() computation 


has been calculated for a number of ions {including alkali and 
alkaline earth) by Paulingf theoretically by introdiioing suitable 
screening constants in the wavc~inochanical oxiireSHion for the 
polarizability of hydrogon-liko orbits. Ho obtaims for Na+ 
«= 0’18X10'*‘. For details of this calculation soo luH original 
paper. The values of polarization or atomic rofraction has^<i also 
been experimentally obtained by .b'ajans and «loos*|l, Ilcydwcilltn’i^, 
and Wasastjormill bom measurements of refraction of tlieir Halt- 
solutions. I\"om these data can be easily calculatcaH* 


274» The Modified Regular Doublet Formula (Latid6)*— 

According to § 221, tlic doublet separation for the tei’ins of on(.‘- 
valence elements is given by 


Av - f)’82 


t\l+l) 


cm“* 


( 11 ) 


I, Waller, f\ Phys., 38, GHf), 1926. 
t Pauling, Froc, Hoy, Soo. yj, 114, 181,1927. 

^ t K. Fajans and G Joos f. Fhys., 23, 1, 1021. See also Horn and 
lieiscnbcrg^s discussion, f, Phys„ 23, 088, 1924. 

§ A, Heydwoiller, Phys. ZoUs., 26, 626, 1925, 
r^n|^‘ Wasastj(3riia, C'oam?.. Phys. Math. Soo, So. Fcmiicm, 1, 38, J021 
Ihtd calculation doponds upon tho relation where H 

denotes the atomic rePmction dedned by R ^ V whf.r/i 

V= gm. atoimc volume, roFractivo index and N - Avtimulro mmibi^r 
For details sec Debye, Polar (1929), p. 12, 01. ^ nnniucn. 
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This expression should hold only for hydrogenic orbits. For 
peivotratiug orbits it is clear that the formula has to be modified^ and 
an approximate value was given by Lande.* It is needless to 
repeat the calculations for which the original paper may be consul¬ 
ted. '^riie fmal formula may be quoted. This is 


Av — 5'82 


(x+XsY 

'n,u(i+ri 


cm” ^ 



Comparing with formula (U), wc find that the difference consists 
in substituting 


U + for [Z- 0 )'S 


and ita the effective quantum number^ for n the theoretical total 
quantum number. 


275. Spectra of Two-valence Elements.—A general descrip¬ 
tion of the spectra of two-valoncc elements has been given in 
Chapter IX. In this U 
section^ wo shall deal 
with their theoretical 
explanation. In the 
spectra of alkali ele¬ 
ments wc had to deal 
With the motion of one 
single electron in the 
field of a magnetically 
neutral core. But lioro 
besides the core wo have 
to deal with two elec¬ 
trons, whicli inlluonco each other by their electric and magnetic inter¬ 
action,s. ^I?his case therefore brings out new features and principles, 
a tlioroiigh grasp of which is essential to the understanding oC spectra 
of atoms in general. 

As typical of this class, wc take Mg possessing normally the 
structure 

U^he normal structure is and the excited states are obtained 
by lc(‘(!ping one electron in tlic lowest level 3s and increasing the 



Klyr. 0. Sirucliiro Ulagi’nm of Jig. 


* Ijande, Zs. f. Plnjs,, 9^6, Id, 10-4, 
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quail bum iiinubcr of the other iu suecessive steps, ix.^ by puttinjjj 
it iu the orbits 3;;, Udy 4&*, .... us slK^^YIl graphieally iii 

Fig. 9. 

TIio above diagram represents the fact that excited states arc ob¬ 
tained by koopiiig one electron in 3.s‘, and allowing the other to 
run through higher levels. The correlation between electron-com¬ 
position and the observed ojitical terms arc shown in tlui following 
table. 

Tahh 7.—Term valim o/’Mgl (12). 


S-term 8 

1 

^-fcornis 

I)-teiins 

Elcotron 

Tonus 

Elocl-ron 

Terms . 

Eloclron 


slmcUiro 

structuro 

s(,rn(!liu'i‘ 

.iia ni.H 


iS(i=CIC72-l 

?jS i\p 

•Pi -2G020-7 
3]’o =!)98-2l-3 
sPi— '!OSOIM, 
3p2=:ii)7G0'5 

3.S' M 

•Dj =ir)2()8'9 
»i)n 

3.1) 2 U137M'7 

3 . 1 ) 5 ] 

Bs is 

'.So-18lC9 

3Si=2047d 

4 

j s-aoqucuco 

{\s ip 

ip| =12:-52nf) 

3Po=i;582.1.vl 
31’,= 13824'1 
3P2 = i:t820 

1 ;7-S()quoiico 

B.s id 

11)2 =8r,37'4 

3i)n 

31)2 •“7<l70'r) 
3 D 3 J 

1 

d-soquon(j(3 


276, The RusselbSaunders’ Notation,— Here in descrilnng 
the terms, wo have introduced the Russell-Saunders^ notation wlucli 
can be fully explained now. Wo write 

S, l^ I), F, a, H, I, J. 

for r.-0, 1, 2, B, 4, b, 0, 7...... 

The multiiilicity is indioated by the corresponding integral number, 
added as a superscript to the left of these capital letter,s, Thus ‘‘F 
denotes triplet ^u-tcrais. ^‘D denotes a quintet rf-term, '^riie inner 
quantum number is denoted by tbo corresponding number added as 
a subscript as in ^Po> ^Pi> ’’P 2 * ,. * An integral number placed 
before the symbol denotes the total quantum number, Thus 

.. denotes a quartet ^>tcrm, liaving j = il', 

tlie total quantum number being 5, The total quantum number is 
very often omitted. 
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Soinotinios for purposes of furtlier olncidatioii, the clcctron- 
stnictiiro R‘iving rise to the term is added before. Thus Arc mny 
Avrite 

Mk . .. l.v^ 2.S'' 2]/' I 3.9, M 

h'or the sake oC sliorlnoss the elosed shells may be omitted. We 
may Avrite simply 

h'fe. . . . 3.9 M 


276a, The RusseU-Saundera’ Coupling, “Let us noAVsotj how 
tlie ()l).serv(‘d tonus ean be explained from the eloetron eompositioii. 
'I'lui basic ithjus liave been already foresliadoAved, but it is better to 
colhict them hor(^ 'rhese are as EoIIoav ; 

(^4 It is only the electrons outside tho closed shells Avhich deter- 
mine the nature of tho spectrum. Xlio inner closed shells may, for 
the present, be left out of account except for calculations of cnor^'y, 
{h) The (luantinn-chnractoristics of each electron i.s of tho iloKhlcl 
typo and is determined by the shell Avliioli it happens to occupy, 

This Biniply means that tho cleetron must also be regarded as a 
unit magnetic dipole haAung a definite luaguctic moment, and has its 
motion defined by n, s and m. doiiotos orbital momentnm, .s., ., 
denotes the spin and is equal'to They combine to form y, and 
tho magnetic quantum number 


m .. 

Thus for an electron in the W-sholl, n H, / 2, .9 ^nudy 

has the values 5, 5, and 

for j -:n m h ^ h a 1 

,-O "ft' — Uj ay 5) 2 U J 


(^) Wlien there are more than one olecitroii outside tho closed 
sh(?lls, the observed spectral terms are obtained by considering tho 
inutiml inieraetion of the outer electrouH Avith each other. The 


general ease of interaction is rather dilTicnlt to treat, but the most 
im\mvlnnt {Unssell-Saunfler^^^ (hirplmo) mix bo illustrated Avith 
the aid of tho Mg-spectriim, 


Hove Ave find that the inner electron i.s in the B.v-lovcl, It 
has Qi 3, ,S'i — jf, /t “6* Let us first take an excited state of the 
otlver electron, say lip thou this electron has n ^ 3, .92 “ i, h ^ 1, 
.h\)r calculating interactions, ii may bo loft out of account altogctber* 
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It is found that in most cases, tlic electrons intemet (Iu’oiikIi ‘inch 
vector separately, i,e„ si and Ss interact as if tlie I’n arc not pr(!sont 
at all, and tlie I’s interact as if the ,v’s su‘c not present. 'I'ho ciise is 
similar to that of Paschcn-Back effect described in § 224. In Unit eiise, 
it was found that when external field H is weak, the oonplinp; bc' 
tween the I and s-vectors of the electron is not broken. Tliey eontininj 
to combine, the terms retaining their individual/-value. When, 
however, H is .strong the s- and /-vectors prcccss individually 
round the axis of H, and the coupling between them is broken. 

In the present case, wo suppose that in the presenno of .s't 
{li being zero may be neglected altogether), the coupling Ixttwiusn .va 
•and li is broken and Si combines with .sj. The resultant is 

I * 1 +S 2 I = I ^ 4 I = 1, or 0 

ie., the electrons have their spins cither in the same direction or in 
opposite directions. When they are in the oi)po.sito direetions, the 
resultant 8 == 0, we got singlets; when they are in the 8amo'dire(ition, 

wo get the triplet .spectrum. The two 
schemes are represented in h’ig. lift. 

Wo have to consider the interaction of /... 
with 8, li combines with each of tlu’se 
<Sf-values separately. We have for singlets, 

3 = 15-1-/31 =/aiwe get; 0, 1,2, If, ... for 
^S, ^D... terms, ns illustrated in table 7 

which were originally obtained from coimider- 
ations of Zeeman effect. 

I 5-1-/31 ■= U-h/al 

1-2 = 0, y = 1, i,e., ’‘'Si-t(!rm. 

/a “l.y “ I /a'hi I = /a. /a±l. 

Thus we get *P-terms withy — 0,1,2, ’’D-terms with / I., 2, iJ. 

The final result is that we find 

3s. ns ... gives a sequence ^So, ''Si-terms. 

3s.-np „ „ '’Po, j, j,-term.s. 

3s. nd „ „ '■Da, ’iDi, j, n-terms. 

The principal series is due to the transition 
3s* 3s np, 

% ^ . 'Pl.^Po, t,3 

3s np 




S,4l 




Klg. Off. The origin of singlet 
and triplet terms. 

For triplets, 

When 

When 
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III the above voprosoutation the first lino represents tlie trausitioii 
from the initial. 3s. up to the final 3.s‘^-configurntioii of the outer 
electron shells. 'I'lic aecoiul line repre-sents the terms, '3!'ho third 
lino shows that the transition really coiusists in ttio np-clectron 
jumping to the S-s'-shcll, the other electron remaining stationary in the 
3.s'-lcvcl. Wegetouly ’So-‘Pii ^So — ^Pi lines. Tho others are 
barriul by tho selection piinciplc for thcy-quantiim number. 

'I.'he line ’Pi is stronger than the intor-coinbiuation lino, 

as the electron has not to change its direction of s])in. But *So - “Pi, 
the inter-combination line is weak as the jumping electron has to 
revci’se its direction of spin. 

All excited terms and lines arc thus explained. But 3.s'® .., ?'.e., 
when both electrons arc in tho .3.s'-lcvcl, gives only an ^So-torm, 
no “Si-torm arises from this combination, as will bo explained in 
Chap. XIV. 'L'his fact first led .Pauli to tho enunciation of tho 
Exdmmi 'PThiaiplp. \ 

" No lioo clcclrom in the atom can have all their quantum mtm- 
hcre identical P 

iriuis when both electrons are in tho 3s-orbit, they have both 
«.<=3, .s'rai, /==0. Honeo they must have their ■jw-valucs different. 
If Ml “4, must bo - 4, and 2m == 0, «.e., tho spins must bo anti- 
parallel. 3.s’“ ... can therefore give us only ^So-term as actually 
observed. But if we take tho combination .3.s.«.s', the electrons have 
different values of n, Ilenco nii and can have the values ±i 
iriuis wo get ^So as well as “fti-terms. Further application of 
.l.huili’s Principle will bo given later. 

AVc have thus boon able to explain all tho optical terms of two- 
valouco elements disensaed in Chap. IX. In addition to these terms, 
certain others have been found which are duo to tho simultaneous 
liassage of both electrons to higher states, as is represented by tho 
following typical example: 

3.1. 3j) 

'l?ho nature of these terms will be considered later on. 

N, .P,—It should ho noted that in spile of a general similarity, there 
are certain differences between tho speotra of elements of tho odd group 
and tho oven grouii. They will bo discussed later. 

277. Term Intervals in the Spectra of Two-valence 
Elements.— -"VVe sliall now give a short discussion on tho term-values 
K. 70 
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oO tlie two-valeiicc olements. It is observed, at leiist, in tbo case of 
light elements like Mg, that the singloWriplot sopnratioii is very 
large, and is of a higher oi'der than the separation observed amongst 
the component lines of a triplet set. In fact it is of the sann* order 
as the term values themselves, 

The triplet intervals follow striking regnlaritics. As sliown 
on p. 383, we have 

®Po - •'■Pi : -- " ^ ' 2 

: "Ds - ’’Bi. 2 : 3 

For heavy eloineiits, the interval ratio doparts considerably Iroiu 
ideal values (sec the case ot on ]). dStJ). 

A tlieoretical explanation of these ro^ijularitics can be Kivcni by 
extending the method given for the alkali cloincnfcH. I t wan sliown 
that the energy of an electron may bo represented by 
W - Wo d- Wr + W{sl) 

where Wq is the energy cnlculatcd according to the Uolir- 
Soniinerfeld theory, Wr is the relativity corro(Jtion, and lb (.v/) is the 
energy of interaction between the spin and orbital momentum 
vectors of the electron. Both IF,, and TF(/.s) involve wimve a is 
the So mm erf eld fiiiG-str uctu re constant, (IF,, is given by J on on la 
(46), W{ls) by formula (44) of p, 422), In the ciiso of two^^viilonee 
elements, the energy of the system consisting of the tw(MilectronH 
may be written as follows :— 

TF- TF(fii)+ TF( 62 )d“ + TF(^-i,sn^) d- IFCvi/i) 

+ ins‘x/ 2 ) d- IF(.s'a/i) d- W(s,h) d- Wihh) 

where )b^(ci), TF(^ 3 )arethe energies of tlio electrons number .1. and 2 
supposed to be nou-magnotic, calcnluted on the Bolir-Hommerfold 
theory, after introdnemg suitable sorecniug constants. IF (eiC^) 
is the interaction energy due to electrostatic interaction between tho 
two electrons. 

IF(r) ..... Relativity correction. 

TF {sis^^) . * . ■ Interaction energy between the spin viHJtorH 
of the two electrons. 

TF(.su/i) .... Interaction energy between tho spin and 
/-vcctoi’s of tho first oloctroiu 

TFCsu/?) .... Interaction energy 'between tho spin of tho 
first, and /-vector of tho second electron, etc* 
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All terms of tho above expression excepting W {ei)y IF 
JF(r?i 6 ' 2 ) iiwolve ItiV. 

Heisenberg'’' sliowcd from an applieatloii of PauU^s principle 
tlnit the electrostatic intenietioii energy term has to bo taken witli 
opposite signs when ])ar-{H[nm in opposite directions) and orflio- 
terms (spins in tlic same direetioii) are involved. As a proper 
understanding of the subject involves a knowledge of wave-mecha¬ 
nics, AVe do not pursue tlie subject any further at this place, lluis 
though the singlet and triplet lovtds arc duo to autiparallcl and 
parallel orientations of two s])ins respectively, the large separation 
is but an indirect consccpionco of the configuration* 

Let ns now consider the se|)arations amongst the comt>onent 
hovels of a triiilet group. J*'or the particular case in view, avc have 
/i ^-=0, hence the relevant energy t(3rms take the simple form 

Air- TKCs^i.s'^) + TFi isih) + Wis.h) 

Meiscuberg showed that TFCs'iA’a) and IF (.s’ 1 / 2 ) can both be 
neglected in compaiisou to 
IF {s^h) Avhon the effoctivc 
nuclear cliargo is largo. 

3<'or IFCsHa) varies as 
whereas IF varies as 

Tlie entire triplet 
separation is tlioroforc given 

A II IF(>S*2/i>) Till! voplor model oUwo-clcetro>i syslnn. 

According to (d4) on p. 422, TFGs*i!/ 2 ) ^ /a cos 

The coupling botwoeu .s*i, /i, ht *5, L,,, is shoAvn in 

Fig. i)l) in Avhich the radii of the unit sphere Oa'i represents Su 

Oil represents h .and .so on, In this case, the coupling 

between .V 2 and i« broken anddkey individually process about the 
y-uxis of the rosiiltunt term, Avhlch' is due to the combination of 
re.sultant S and 1m Wo have from Fig, 9/>, taking the splierical 
triangle S .^ 2^2 

cos {S 2 I 2 ) ^ cos {8s 2 ) cos {Sh) 

Then from the spherical triangle S L h wo have 
cos (S I 2 ) ^ cos {S h) cos (L ^ 2 ) 

't* See Hoisoiiberg’s work under helium problem, § 279. 










I 


Hence we have (li-oppiug the dashes for tlic sake of conveiiicnKio 
cos (S2 — COS {S L). cos [S «a)' cos {/y hi) 

Wq have therefore 

Av == al2S2 cos (S L), cos (S a-^). cos {L lo) 

— a LS cos (Ss.^)* j?- cos {LI2) 

^ ALS coh{SL) ..(Ki) 

^vliere = a cos (^^‘2). cos (/v/a)j 


It is easily seen for all the three terms of a triphil; groiij), ariHini;>‘ 
out of coupling of any Cva/g) electron with the il.v-olcclron, A has 
got the same value. Wo have therefore nsing the value 

-^cos (SL) - [S {S + 1) -h L {L ^1- 1) -- J {J + :l)|/i2.S7v, 


for ^Po * J^ Oy S 1, fj 1 . ♦ - Av — \IA 

1 . ♦ . <I -= 1, ..^ Av yj. 

^P2 • * * f/ 5= 2, « , , , , ♦ « — Av ,/[ 

Hence 'IPo == Vo + 2yt» v:=, vo -h Ay Vo /( 

V., ll.co,B.„£tl,oten» - 

i.e., wc assign the, weights 1., 3, 5, to tlio "Po, ”J?i, "Pa terins in 
accordance with the rule that (f = + 1. 


We have furtlier 


- ■'Pa 


“Po - "Pj ~ 1 
The value of A can easily bo calculated in terins of a. V\''(! have 

■ A- 


.1 


C03 /S*s' 2 • ' COS ./// g 


= a p2 (■V2+t) -I- xS'{,S*+.].)-.Sl 
L 2 A’". 


^ hi (/a-l-D-l-L (/.-l-H ^ (/j .|-;l) • 

2.zy(7;-i-i)., 

We liave 8 = 1,. Sg =Si /j =0, /g ^L. Honce it follows tliiit 

^ = . 


2 u* L2 (/ 3 +i) (/a pi) 
For the •'*P-differenee, we pnt/fg^l, then we have 


2 ■“ 


(17) 
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A 18 known from oxporiinciital data, honco with ilio iiUl of (17), 
(/?“^aS'o) can bo easily calculated, For a few two-valcncc clcmcjits 

and ions, the value of /So.tln^ screening* coii>stant, as calculated 

from the above formula is .slunvii in the following tables. 


Tubh Av - 2 (M:\- '‘Pg) 


Speclrmn 

JU) 

IM- 

1 

C++ 

N'WJ 

0+1 

A V 

1 

! 

22-ii 

70*1. 

204-1 

draf) 

*Vo 

2*30 

2-1'.) 


2'J<1 



Tuhhih-d.v - B (“Po-M^) 


Hpeetrum 

Mk 

A1+ 

Bt++ 

P+8 

Si+'t 

Oi+6 

AV 

GO-8 

187-B 

30-d, 

096 

1128 

1720 

'S'o 

7'J3 

O’of) 

6-23 

6-04 

o-so 

5-77 


.hVoni this calculation, wo liiid that 'two 1,!?-Gloctron8 and one 
&-(dcctron prodiuio the screoniug 2‘30 in Bo,,.. and it decreases to 
the valu(‘ 2 in Bediko ions of high juiclcaivcharge. Por Mg, the 
,., '/.f?,, 11 electrons produce the screening 713 which 
Hteadily decroaH(^s in tlie Mgliko stripped ions.* 

278, The Helium'-Spectrum—General Description. —In this 
coniuadion, we may consider the arc-spcctrum of lioliiim. O'his 
chmuint has the normal electron structure and the excitccl states 
arise; from llu; striudurt; Lsy/rr, The constitution is the same as that 
of tin; alkulim; earth elemeuls, and tlie helium speetrum should have 
the same gemnuil f(;aUir(is as two-valcuco elcincnta Imvo. But no 
indication of sm;li a structure was found in the early studies of its 
Hpcctrum. , 

II(ilium wiiH, as is well-known, (irst discovered in the sun by the 
astronomer iSir Norman Lockyor in 1838 while observing iJie Hash- 
Hpiustrum of the Him during the total 8olar Eclipse at Guntur in 
Imlia. lb; .obsm’ved a ])roiniuont yellow line X 5875 besides the 

* '"rim premuit (liHiiusHion is liasud on a paper by B, Goudsmit and 
( Al. lIuiuimioyH,31;i)(i0, li)28. 
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yellow pair of sodium lines. As tins line could not bo obtained from 
any teiTestrial element, it Ayas ascribed to a now elomcut, till then 
undiscovered, which Avas named Tlelium (after jF/c/ms', the Greek luiine 
for the sun-god). Thirty years later, helium Avas obhiincd by Sir 
AV. Ramsay in the NorAVciginn mineral clcvitc. 'The spectrum of 
. helium Avas studied in great detail by Kayser and llunge for the 
visible, near infrared and near ultraviolet regions. They thought 
that as helium Avas the element next to hydrogen in the periodic 
classification, its spectrum AVonld shoAV great simplicity* This 
expectation, lioAvever, Avas not fulfilled. Fl'liey found that the observed 
spectral lines of Ho Avere more complex than the hydrogen lines, in 
fact it could be classified into tAVo distinct sets, each consist¬ 
ing of a sharp, diffuse, and princi])al series as in the case of 
alkali elements. The terms of each set and the prominent lines arc 
shoAvn in table 9 and in Rig. 10. The terms of first set Avorc in 
tliose days never found to combine Avith the terms of tlio second sot, 
and hence it Avas supposed that ordinary Helium Avas a mixture of 
tAA^o difiTerent elementary gases to Avhicli the names JMrhelium and 
OrtlwlieUim Avoro given. Rut all attempts to separate tlio tAVO 
supposed constituents failed and the hypothesis of tAvo separate 
elements has nOAV been definitely disproved, though the nomenclature 
remains. It Avas further shoAvn tlmfc tlio parhelium lines arc all 
ainglG^ Avhile the ortholicliiim lines are double. 

It Avas clear that the lines included in the series of Kayscr and 
Riinge did not represent all the lines duo to Ho. Holium gas Avas 
found to be perfectly transparent to light from extreme ultraAnolet to 
infrared, including all its cmis.sion lines. Hence none of the lines 
observed by Kayscr and Range reprosonted the resonance lino of 
Iiclium. These Avere found by Lyman to lie in the region of vacuum 
spectroscopy and is shoAvn in table 10. The resonance line is 
A581'4, Avlierc is the normal term of pariiclium 

from L9^ and the next arc % 5377, 622*2, 516*6 forming a Rydberg 
sectueuce. A diagrammatic vioAV of the origin of helium lines, and 
term values is given in l^gs. 10 and 11. 

It Avill be seen that Avhile the parhelium terms are all single, the 
ortliohelium terms have been represented as triplets in the Russell 
Saunders^ notation, instead of as doublets. Tlio separations of 
triplet terms must be lioAveA^er very small, as can be seen from 
table n, Avlxere the orthoholium terms are represented as doublets 
as in the alkali elements, Wc shall return to their explanation in §279 



Tabu 10,—The arc Imes of Hel: Wntdeiigths in A, iimU. 
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The line ^ 6875*6, the original one which heralded the discovery of 
helium is Is 2p - Is M ®D. One of the most interesting lines in 
the helium spectrum is tlieintercombination line X 591*6, I^Sq - 2'IP, 
where ^So is the fuiiclnmental (parhelinin) term and ^P is an 
orthohelium term, ^Sq 198307*9 cm" ^ corresponds to an ionisii- 
tion potential of 24'476 volts ; the resonance potential is 20*8 volts. 
These results have been verified by the electron bombardment 
method. Besides the lines given in table 10 there are inany'forbiddon 
lines due to parheliiini and orthoheliiim. Tim more intense of the«ti 
lines with their transitions are indicated in tlie table given below. 


Table IL—IPorhidden lines in Ilel specbnim. 


Transition 

Wnvelength 

Ortho or Parholium 

2'So-6'So 

3466'7 

Par 

2iPi-3*Pi 

663P8 


2'So-3'D2 

5042-2 


23S,-53S, 

2985 

Ortlio. 

23P2-33Pj 

6067T 


23Si-33D3,2,| 

3809-05 

n 


Besides showing tlic terms and transitions in the ])ar and 
orthoheliiim sx>ectrnin, jFig, 11 sliows also the effective (planturn 
number for the various terms calculated from the formula Uq ^ VJiVv, 

piese at once show that all singlet and tviplot d and /'-terms 
of He are almost perfectly hydrogenic. The p-tcrnis ol: pavlielinni 
are also hydrogenic, hnt the p-terms of orthohclinm are slightly 
non-hydrogenic. The s-terms of both par and ortholiolivim are 
strongly non-hydrogenic, 

279. Theoretical Explanation of the Spectrum of Helium.— 

Theoretical attempts to explain the arc spectrum of l\olium have 
primarily been directed into two channels : first, a good number of 
attempts were made in the early days of quantum mecbanica to 
cleclucc theoretically the ionisation potential of helium from purely 
mathematical considerations. In this case, wo have to (leal Avith tho 
motion of two particles round a luioleus, the problem thoreforo 
reduces to a special case of the celebrated dynamical problem of 
t iree bodies Avhicli had remained unsolved since the days of Newton. 
Attempts Avere made by Bohr, Kramers and others to .solve the 
problem by assuming special models, e.g„ by assuming that the 
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electrons arc at tlie opposite ends of a diiinicter, or their orbits 
wore tilted at 90“ or 120“ to each other. These attempts gave, as a 
rule, results at variance with the actual value of the I. R, showinf? 
tliat something fuudamenl al was lacking in the iissuinptious or in 
the mathematical formulation of the problem. 

The second set of dilficulties was about the multiplicity of the 
lines. The elccti'on structnro of the atom is ls,nXf and if Russell- 
Saunders^ coupling holds, liclium should give ua singlet and'triplet 
terms and the singlets should contain tlie fundamental level 

^So as in the case of two-valence olcincuts. In fact the spec¬ 
trum of helium should sliow the same structure astliat of magnesium. 
The parholium terms can be at once ulcntiPicd with the singlet terms, 
but a diHiculty arises in the case of the orfchohcliiim terms wliich 
instead of being triplets, are found to bo doublets. Further no 
intereombination was found to occur between the two sets of 
torjus in the visible range. 

'^rhese peculiar features of the Hc-spectrum were coinplotely 
explained by Holsonbevg.* He showed that the orfchohelium terms arc 
really triplets, and th(3 large separations between the corrospond- 
ing members of ortho and para-serios (triplet-singlet separation) arise 
from.the different signs of the electrostatic interaction energy- 
terms between tlio two electrons as mentioned on p. 555. As regards 
the remaining terms, wc have as in § 277 

ATR- IKGvi/ 2)+ r Cv3 k) 

.IJut xa) and W (.vi l^) can no longer bo iicglocted in com¬ 

parison to IF(xa /a) as in §277, as hero the mieloav charge is small. 
A vigorous calculation of W (.Vi-Va) and W Cs’i^a) from wave- 
mechanics u]) to certain amount of approximation is to bo found iii 
an article by Bctlie.i* For Z tlic signs of W {hi .Va) and W {si 
/a) are found to bo oi)posite to that of IFCva 1 2 ) and of the same 
order, hence wc no longer find 

It was suspected from those considerations that probably tlie 
doublet terms are really tiiplota us in the case of other two-valcncc 
elements, only the separiition between two terms was extremely 
small and anomalous. This hypothesis was put to experimental tost 
for the Hues 

^ 5876 (Da, 4471 (2»P-4'*D), X 7066 (2«P-3^S) 

* rioisenborg, Zs, f, Fhjs.y 39, 499, 1926. 

f Vido SinokaPs Qimnlm^ p. 377 
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by Hfinaeii and Honstou."' TJicy u.scd double int(ii’l‘Ovnjuot(U‘a of 
Fabry-Perot pattern, possessing large resolving power, ami Avere 
able to show that the ortho-helium P-terms AVere really triple, as 
shoAvn beloAV in Fig* 12 for 7,7066. 

o In addition to its triphst 

o—-p-p- 

character, the components sIioav 
sevei’al very interesting ])ointM of 
departure from the corresponding 
’^P-terms of alkaline earths. Wo. 
have ill the alkalino earths :— 

’l"o>”Pi >'P2....and 


0‘09Uftr‘ 

'Jr... 


Put ill helium 

n\ <n\ 


^ approxiinati4y 


. and 


0*077 cftT’ 


«Po-'Pi: ^Pi-n^-12! 1 


^'. for ^‘Po-29222m, =^Pi«2<}22li’H4, 

_If_ »Pa-2922B‘93 

}■<—0‘99i—>j|k— The d“tcvni is also exiujcted 

0077 cpr‘ triple, but the separations 

seem to be extremely sinaJl and 
different Avorkora do not agree in their values of tlie H(H>arati()ns, 
The observation shoAvs that the 'T^-terni is inverted, and '^1^2 j '* Pi 
are so Very close that they can be regarded as one term. This also 
explains the anomaly in the intensity of the components of XbBVd 
observed by Ornstein and Burgeivt“ 

They found that the intensity i\atio 

5875‘62 ! X 6876’96-n\i -- : ^'Po- - 8 j 1 

This ratio does not agree Avith that for a doublet structuris Imt 
for a triplet structure, as shoAvn in the following scheme ; 



ap,j 

i 

“‘Po 

3Pi ap, 

6 

1 

SDi 

16 

12—'li tc 


9 



33+2^ 12 



Da 


63 


246*J?28^^^^^ Houston, Nat. Acad. Sci, mi; Adr. Jour., QQ, 

t Ornstein and Burger, Zs. f. Phys., 26, 57, 1924; 33, 437, 102C. 
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AVe liavo to supposo that the arc mcr^yecl into one IcvoL Then 
wo have, in case the terms are doublets, tlic following ratio for 
intciisibics ;— 

But if wo assume that the P-terins are triplet, wo can suppose that 
since now ’^Pl ,5 iiiorge into almost one level, honce the ratio of the 
intousitios is 

— 15 : 45-1-75 = 1 : 8 as observed. 

Tim lonisfUion Polmlial of Ihliwm and lleimm-likc Ions .— 
Hylleras unci Kolliior* obtained from wave-inoohanics the value of 
I. P. of He and Ho-likc ions. Hylloras showedf that /!?i, the 
I, P., is given by the following formula :— 

WxiRh - ^ 5 ^ + *81488-*01762/JZ + ’00548/^;'] 

The spoctrum of Li+ f is exactly similar to that of Ho and has 
been invostigatod by Scluilcr:|: and Werner,§ and the resonance 
lines ^S-^P wore obtained by Erick.sonll and found to lie at 
XBh)'268 A.U. Tlie same investigators have also obtained the 
spectrum of which is also Ilc-likc, and got the resonance line 

at X 100*250. The I. P^s of Li’^ and Bo***'** are found to obey the 
fornuila given by Hylleras. 

After He, the other inert gases forming tho zero group in the 
periodic table are No, iV, Xe, Kr and Itn* They all form closed- 
slicll structures witli the outer configuration 2p^ for No, 8^/ 

for A, etc. Those structures are borne out by their liigh 

ionisation potentials and extremely complicated nature of their 
spectra. Wo shall treat the subject fully in Cha]). XIV. 

280, Spectra of Three*Valence Elements,-—According to 
the periodic classification the following elements possess the valency 
three;— 

5.B-13.A1 . . . 81.Ga .... 49.1n_ 8LTh. 


HyUerasund Kellner, loo, ciL 
t Hylhsms, Ion. nil. 
t R<ihiU(a‘, Zs. /; Vliy.% 42, 487, 1027, 

S Wmm^Nainrn, 115, 101, 1021; 116, 571, 1025. 
il Bridcson and JidUiii, Zs. f, Phijs.^ 60, 050, 1020. 
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Let iis now consider their spectra. Their elcotron-strncturc 
is shown below. 


5 B 

!3 A1 

31 Ga 
49 In 



ls2 2s3 


3s2 Bp 


0+, 

Hi4-. P+ 


U2 2s2 2;;e 3^2 4^2 4 ;^ 


ls2 2s 2 2;;0 4s2 4;?o Ucpo 5^2 r,^;| 


Ge*^ A8'^4*, 


S 11 +, Sb++ 


In all these elements, there is only one electron outside tlio 
closed shells, and it is in the ';^j?;-.statc. T'lie fiindainentul l(‘.v(d 
is therefore given by the terms:— 


7inh 


The duplicity is duo, as in the case of the p-terms of the 
alkali elements, to the interaction of the /-moment with tlu^ si)in 
of the valency electron. Let us talcc 13 Al as the represcmluttve of 
this group of elements. The structure diagram oC Al is shown 
below in Fig. 13, which shows that in the normal atom the valency 
electron is in the 3/?-orbit 


Is 

2 


2s 2b 
2 G 


ID 


ip 3 // 

(a ( 1 ) 


UX. \ "% 

\ X 

rig. ID, TIk* alnioiure diagram of Al. 


eieoti-on gives rise to a doublet sequence 
enclosed in rectangles. 


"riio excited .states 
nro obtnined by in¬ 
creasing tlio qiiun- 
tuin luimbor of the 
light electron 
successively. They 
are shoAvn in the 
accompanying dia¬ 
gram. Hero the two 
electrons in the 
3s-shcll remain uii- 
distiu’bod while the 
diagonal displaco- 
mont of the other 
of terms, as shown 
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I'hc toi'm-valucs of Al nro shown in the following table. 


Tdhie 12.—The tmn values of Al I. 


n 

torin« 

nV terms 

wD terms 

n 


2Pjj 48108-871 
48280-88 j 

Av 

■ 112-01 

2I).I 

16844-16 1 
16845-49 J 

A V 

IM 

d 

220ii;va7 

^ 9 

^1*1 

ir»310-48 1 
15831-70 J 

j- 16-22 

21>J 

9347-22 1 
9361-71 J 

’ d-49 

5 

inr>fiif)R 

2P5 

8008- 24 1 

8009- 19 J 

• 6-95 


6043-31 ] 
0047-37 j 

• 4-06 

0 

Ci:iG‘70 

3P|1 

»P| 

4948-19 ] 
4940-01 J 

■ 2-82 


4112-09 1 
4114-.83 J 

|- 2-24 

7 

4007-67 

2Pj 

«P.J 

.8350-6 ] 
.8862-6 J 

• 2-0 





Tho j'Gsonanco linos aro dno to transitions and 3^j'<-4s 

as shown in tho following sohoino for aluminium. Tho figures within 
brackels denote intciiHities of tho corresponding lines. These lines 
liavo boon obtained in absorjition. 


Tahlci lli.—Resonance lines of Aluminimn. 



4»S^ 

229.83-27 

3 *D|| 
16846-49 

3 *P!j, 
16844-15 

8 *P4 

48280-88 : 

1 (10 R) 

^ 1 3044-0.8 

V 23347-61 

(10 R) 

1 .8082-10 

V .82436-39 


3 2Ps 
48108-87 

(10 R) 
3901-64 

V 26236-60 . 

(OR) 

% 3092*84 

V 32323-38 

(10)R 

X 3092-72 

V 32324-72 


Tho important linos (with their intensities) in the spectrum of Al 
ns well as their origins aro schematically I’oprosented in tho following 
diagram (li'ig. 14) 
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The ionisatioii and resonance potentials of tliisgrou]) of olcinouts 
can bo easily calculated from spectral data and liave boon verified 
by electroii~bonibardniont experiments. These are shown in 
table 14. 


Table 14.—Theremnance and ionisaHon potentials Alf Qa^ hii Ti 


Element 

2 -j -terms 

-term 

Rosonanco 

lines 

n i -*s 

R. P. in 
volts 

I. P. in 

volts 

(^Pl) 

n B* 

C7r)44'6't AV 
67629'l.r ,5.5 

27r)01'G 

^ 2496-86 

V 40040 

^ 2497-82 

V 40024-6 

4-942 

8\33 

13 A1 

48280’88v i,n.n 
481C8'9 ; 

22933 

% 3944-16 

V 26346-94 
% 3961-68 

V 26234-87 


6-967 

31 Gu 

48379'8 Qoc 
47663-8 ] 

23691 

% 4033-2 

V 24787-6 
% 4172-2 

V 23961-4 

3059. 

6-970 

49 In 

4C667'9 looio'ftl 
44456-3 

22294-8 

% 4102 

V 24372-4 
% 4611-4 

V 22160 

3-008 

6*759 

81 Tl 

49264-2 l i 77 aq *7 
41471-6 \ 

22786 

A, 3776 

V 26476-7 
% 6360-6 

V 18684-2 

3-2G7 

G-076 


That the ^ 7 -tcrms are the fundamental levels can easily be proved 
by absorption experiments. Only the lines possessing the ?)devels as 
final orbits appear in absorption, as shown in the analysis of the 
absorption .spectrum of alnminiuni in table 13. 


* R, A, Sawyer, Phys, /?cu, 29, 357, 1927 \ Bowen, ihUb^ 29, 231, 1927. 
li A. Millikan aiicl J* S. Bowen, Phys. 26, 310,1986. 

F. 72 
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Of tlio two fundamental states, lienee according to 

Maxwell’s law, the proportion of the atoms in the two states at the 
temperature ^Hs (( 72 / 1 / 1 ) 6 “whore r/j, are the weights of 
the P,^ and Pa - states; they are as 2 : 4 = 1 : 2; Av = ^P|~ ^Pa. 

This difference gradually increases with the atomic weight as 
shown in column 2 of table 14, and for Tl it roaches the large 
value of about ‘96 volts nearly. Hence for such elements, only 
the lines ending in *P^ are expected to appear in absorption, 'I'lie 

lines having ®P^ as their final orbits appear in absorption only when 

the temperature is sudieicutly high to produce a sufficient number of 
atoms in tho^Pn - state. 


281 . Application of the Regular and Irregular Doublet 
Laws. The doublet difference ®P^ ~ “Pj. can bo explained in the 

same way as in the case of tlie alkali elements. 

We have, in this case, as in §221 


Av 


lia^ 

nHll+1) 


{18) 


Iho value of Z-a can bo calculated when Av is known, c.r/., for 
Al, Av = 112'07. 

Hence, putting 71 = 3,1 =^= 1 in (18), wo have 


,Z'-ar = 5’674, of = 7’32{) 

The values of a calculated in this way for a certain nmnber of 
three*valence elements and ions ai*o given below;_ 


2’aWei5.—Av ==2*P.j - 2‘'Pj 


Spectrum 

B 

C+ 

1 

N++ 

0 +n 

P+*l 


Nii-i't 

Av 

(T 

16'5 

245 

GC‘7G 

l,79-3 

2'292 

.3084 

2-262 




Ihe specti'a of three-valence elements arc thus seen to be 
extremely simple in their constitution. Somo doubt may bo-expressed 
regarding the use of the term three-valence, for the oonstitiition is 
ns np, there is only one electron outside the closed shell Hut 
tile shell ns'^ is not so solidly formed as np^' owing to the smailnese 
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Av -=3^Pi 


Spectrum 

Al 

Si+ 

1 

i P+ + 

S+y 

Cl+‘ 

A+‘ 


AV 

112-07 

287 

659-6 

9502 

1600 



a 

7-32G 

6-82 

6-619 

6-318 

6-147 




of tho number of electrons and of large interaction of the ?i 2 >elcctron 
with the ';^s^-shell, as both have the same total quantum number. 
In the case of alkali elements tho interaction of the s-electron on 
tho ^J-ahcll is small. Thus the s-oloctrons in threc-valencc elements 
can easily be made to pass from the inner to the outer shell, 
producing the constitution iis* np^ and giving rise to a complex 
system of lines given by the scheme 

ns^ np ns. np^ 

8p -ip^ 2l,J)Q 

iransHwn m +- 7ip. 

The calcnintion of terjns arising out of 7is. ^-combination really 
falls under complex spectra (Chap. XIV). Such lines have actually 
been observed for Al. Such transitions may bo called mner tran¬ 
sitions {vide §340). 

In addition to these transitions, the second tS-elcctron is also 
found to pass to tlie ^;-lcvcl 

712)^ 71]}^ 

SS, ^I)P 

iransilion ‘Us ^ np 

The existence of these transitions justilies tho use of tho term 
thrcc^valcncG s2)vctra. 

Tho ionised clcjnents Si’^, P'^’^, have also been found 

to possess spectra similar to that of Al. These have been investigated 
by Fowler, Millikan and Bowen and others,* and their resonance 
potentials oorrospoiiding to *P.j have been found to be 

8'08,14*64, 22’38 volts respectively. ’ 

Si+: . ■ ' 

A, Fowler, Proe, Roy, Bog, 103, 418, 1923; PhiU Trails. A 226, 
1, 1926. P, IC Kiclilu, Jotir. Opt. Boo. Am.y 14, 465,192?., 

P++, S+S Cl+'»; J. S. Bowon and E, A. Millikan, Phys. Rev., 26, 
0,282,1926)31,34,1928. , • ' 
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282 . The Exclusion'-Principle of Pauli.—'J ?he Exolasiou 
Principle wliicli was lirsfc cnmiciatGcl by Pauli to expUiiu tlie non-exis¬ 
tence of a triplet term in an '«5^“COinbiiiatioii as described in §27Or^ 
was further extended by him to include the d and /-shoUs of 
electrons, and afforded an explanation of the fact first suggested 
correctly by Mainsmith and Stoner that to fill a definite sub-lovol, 
a definite niinibor of electrons is necessary, 2 for 5, 2 for 4 for 
etc. The principle has since proved (o be fundamental in Atomic 
Physios. Wa shall now discuss it in detail* 

The principle has been enunciated as follows :— 

JSfo hvo electrons in an atom can have all their qiianlum 
numbers identical” 

As we have seen in Chap* X the motion of every electron is char¬ 
acterized by four quantum numbers ??, J, Sy and m. The significance 
of these quantum numbers, though already discussed, may again be 
pointed out, n is the total ejuantnm number; /c-1 * *. roprcsoiits 

orbital motion, the mechanical moment of the orbit being lh/2K and the 
magnetic moment due to this motion is L ehjiKcm ; s represonts the 
spin quantum number and it is always i for a single electron 
and the mechanical moment duo to this motion is h h/ 27 t and the 
magnetic moment is } hl2n. elmc* The inner quantum number j is 
the vector sum of I and « and has therefore the values / + ! 
and I - i for an one-valance element. The magnetic quantum number 
m is equal to j cos 6, and has the values 

m . -y* 

Hence in represents a new degree of motion, m,, the tilt of the 
magnetic axis to any external field* The four quantum iiumbcrH 
represent the four degrees of freedom possessed by an electron* 

Lot us now find out how many electrons will be required to fill 
up an s-orbit, say the K (Is), Li (2.s*) or Mi (3,v), etc.. * * Now n, /, .v 
are the same for the electrons, hence according to Paulies principle, 
they must differ in their m-values, /.e,, the total number required to 
fill up any .s-Ievol is equal to the iiuinbor of possible m-valuos in this 
level. For an ^-level, and the possible ??z-values are i and-^i, 
hence two electrons are necessary to fill up an s-lcvel. 

Similarly for the jij-leycl, wo hayo the sub-leyols 
for^ «x ^ QP L 2 * *. m = ---|- 

j ==> I, * , * P| or La . * * m f, , 
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Heucc tlioro are six clifFerent magnetic levels for a ^-electron. 
Therefore the total number of eleoti’ons I’equired to fill up completely 
a ;p4Gvel is six as we obtain in the elements B to Ne whose electron 
structure has been shown on p. 533. 

Boron has the structure 2s^ 2p^ and gives a simple doublet 
spectrum discussed in § 280. But occasionally by means of electi'ic 
discharge the states 25 2^3^, 2p'^ may also be produced. The spectrum 
given by carbon whose normal constitution is 25^ and of 
subsequent elements is more complex, and cannot be discussed in 
this chapter. But in all these elements the struotiu’es 25 2p*'^S and 
can be produced by electrical discharge showing that the 
25^-shell is not so solidly formed. Thus the use of such terms 
as four-valence or five-valence elements for 0, N, 0 ....... is 

justified. 

AVhen we reach No, the p-shell is completed, we get Sw—0, 
honc.o the resultant term is ^So, i.c., Ne is magnetically neutral. 
But all the intervening elements will show a complex set of specti^al 
terms which ai’e discussed in Chap. XIV. 

It is clear that after the Neon-shell is completed, tlie formation 
of 35 and 3^?-shells will begin, taking us up to Argon 3s^ as 
shown on p. 533. 

After Argon the formation of 3d-shells begins. 

When an electron is in the d-shell, we have 

^=2, or . 

Jfor I, Y, 'I —"I, ^'1'. 

Hence altogether, the rf-electrou can assume 10 different magnetic 
levels. Therefore according to Paulies principle, the number of 
electrons required to fill up a dJevel is 10. Similarly the number 
rcquLi’ed to fill up an f-sliell is 14. For when an electron is in the 
/-shell, we get the terms F^, Fj, corresponding to which we 

obtain 6+8=14 magnetic levels. 

283, Magnetic Quantum Numbers for Strong Fields. —In 

order to illusti’ate the operation of Paulies Principle, it is sometimes 
more convenient to make use of magnetic quantum numbers for sti'ong 
fields, and which were introduced in §224, for explaining 
Paschen-Back effect. The use of these numbers is also justified 
by the fact that in the majority of cases so far observed, the 
interaction between the electrons is of the Russell-Saund era 




type, the 5 -veotora of the electrons interact as il: the /-vector 
is not present, the /-vectors interact as it the s-vcctor is not 
present. 

We have for an 5-elactron, 0, s — l, vti = 0, nis — h ^ h 

Hence the number of different levels [vis^ mi ) are (i, 0) and 
{ —0). The inaximum number of electrons in the .s*-slicU is 2. 

For a ^j-elecbron 

/-=!, mi =1, 0, --I 

Hence nis and mi can be combined in 2XB — (3 dilTorent ways, 
and corresponding to these (i magnetic levels, (5 electrons are 
necessary to fill up a ^J-shell completely. 

For a d-electrou 

/=2, Wi-2, 1, 0, -1, "2. 

So uis^ and mi . . can be combined in 2 X 5 — 10 ways, aiicl 10 
electrons ai»e needed to fill up the d-slicll completely. 

284. Formation of Elements after Argon, After Argon, 

which has the constitution ls^ 2s'\ 2p^\ Bs^ , the fourth period 

begins, The next level is 3f/ and for the next clem cat K, the 
nineteenth electron should find itself in the Brf-sholl, and K should 
show properties considerably different from those of Na, Bat we 
know, as a matter of experience, that K has very nearly the same 
chemical and spectral properties as Na, hence the electron must 
be normally in tlie ds-orbit and not in Brf, though the latter has a 
smaller total quantum number. The energy-value of is actually 
found to be larger than that of 3f/, This is explained by the idea 
of penetrating orbits. The 4s-orbit, as explained on ] 3 . 640, is 
strongly eccentric. Hence the electron penetrates the shell, and the 
energy value is much increased. The 3d orbit is hydrogeuic and 
hence its energy-value is very nearly equal to M/3^ Actually it is 
13470, which is slightly lai’ger on account of the strong polarisa¬ 
tion of inner orbits by 3d. Even the 4^?-orbit of IC is larger tliau Ik/, 
for this is also strongly eccentiic. For the next olemont Ca, the 
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constitution should be 4.v‘^ otherwise the similarity of its chemical 
and spectral properties to Mg which )uis the constitution S.s**'* cannot 
bo explained. But the next element »Scandium cannot have the 
constitution 4.s^4^), for then it would have the same chemical pro¬ 
perties as Al. 

This is far from being the fact, as a glance at the Periodic 
Classification on p. 626 shows. In fact Sc lias cbemical properties 
which arc rather widely diirerent from those of Ab ^J^hci spectrum of 
scandium is also found to be more complex than the v(U 7 simple 
spectrum of aluminium discussed in §1279, Prom tliose fa(‘4s, it is 
concluded that Sc has not got the ahiminium-Iiko constitution 4,vb 
4p, but the entirely now constitution 


2lSo . . 


. . . .U 4.S® 1 
. . . . Brf'4W 


The possibility of tlieso now constitutions can bo soon from the 
following arguments. Sc*^"***^ lias just the same constitution as 


Argon, vh.y 


ls\ 2.s‘^ 2p\ Qs\ 


When wo bring a fresh 


electron to form thd electron 'may bo either in 3^/ or 4s-shGll 
giving rise to tlie altcrnativo structurcB ;— 


Sc***'^ . . . M or Bp^\ 4.^. 

Which of them has the less energy-value? In K and Ca’*’, whicli 
have got the same number of el<ictr()nB as evidence of spectra 
tolls ns that 4.s* has the lessen* energy, and is more fundamental, 
but oven in tlu^so atomsi the d-tovim are somewhat abnormally large 
as shown in tlxo following table, 


Table JO. 


Elemonli 

4.<? 

r' "7 .. 

ip 

M 

K 

snooG 

22020'8 

21963 

13467 

,13471 

Cft+ 

9r)7I9-2 

706287 

703057 

82008 

82009-6 

So++ 

I74I50 

137590'8 

137U7-1 

199093 

Ti+++ 

208d39 

220906-3 

220086-9 

348817 
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Thus in Ca'^,the 3rf-terma vary nearly approacli the 4<?-tcrm in 
value, and arc larger than tlio 4j;-tcrius. Bohr poHtiilatcd that iti 
So'^'^ and subsequent elements like Ti'*'*''*’, Cr'^^/thc Ih/- 

torms m\\ bo actually larger than the 4v-torins, and will constitute 
the normal terms, Tlicao predictions have actually been verified, as is 

seen from the following 



So+ .,., 


Moseley curves, In the 
case of though tlie 
dxs-orbit is (jccentric, yet 
it cau'be proved that on 
account of tlic high value 
of the central charge 
its energy value is loss 
than that of tlio 3rf4crm. 
ITonco Bohr^s conclu¬ 
sions arc justified, 

As the normal constitu¬ 
tion of Sc;^*+ is the 
constitution of Ho ’' will bo 


l6‘2 2,9^ 2p^ 3s^ 3?/1 

M , 4.9 


\s^ 2s^ 2p^ 3s^ ^p^ 


the 20th electron may bo caught in 3d or 4s-slicll There is a com¬ 
petition between the two levels 3d and 4s for capture of the electron, 
But for calcium, the normal constitution is different 

Ca .,,, 


The configuration 

28,-=28969, 28965, 28933, --27455 

Since for Ca*^ * , .Bp^ 4s , has the lesser energy value, the 3^/, 4s.3d- 
structure gives rise to the largo D-torms in Oa (for a similar reason in 
Sr and Ba) as explained earlier, which differentiate them in some mea¬ 
sure from the group Mg, Zn, Cd, Hg. They are also found to behave 
somewhat differently in theh’ chemical behaviour and ai’o tliereforo 
placed in the odd-group. There is thus a difference in the electron- 
structure of Ca and Sc'*' though both have the same number of 
electrons. There are other fundamental differences between tlio Ca 


2s^ 2p^ 3s^ 3p^ 


^ 2s‘^ 2p^ 3s^ 3^)^ 


4s^ .., 'So -- 49305 
4s , 3d frives the ten ns 








§285 1 FORMATION OF TRANSITIONAL GROUP 


577 


and tlio Mg groiijis to AVliich wo shall rctuvii later iu the chapter on 
Vomjilex Spectra. 


285, Formation of Transitional Group of Elements.— When 
IV fresh oloctrou is brought to the Rc'’'-sholl it may be caught either 
in the 4.S' or the lirf-sholi. The coustitutlou therefore becomes;— 


2.s“ 2j}'’ Sp" U- 

Sc+ r-'-r:-—. 

l.s’''2.s-“ 2p^'Ss^ By)" I 3d.4.s' 


I l.s'“ 2.v‘'* 22)" Bs‘^ Bp" I 3^/'-* .4.S 
I l-s-* 2.v" 22)" B,s-" By)" | M . 4,v" 


The struchu’c By)" B)f’’ though possible, is not actually found. 
'I’lioso .structuro.s have been complotoly conlirinod by spcctrosco]}ic 
analysis which will be discussed in Chap, XIV, When we take 
the elements after Sc we expect tl>at the fresh electrons will coutimio 
to fill up the Bf/-shcll till it is saturated. For Ti, the structure is 


22 Ti.... 


2ii^ 2y)" 3.S'" 3y)" 




l.v^ 2.S'® 2yj" 3.V* 3y)" j 3^“ 4.s’* 


and generally for the elements coming after Ti the structure is 

By)", 'dirin 
or 

XluB state of afFairs m\\ oontiuuo till the ^i!-slioll is completely 
filled up. According to* Paulies priuoiplo, the rf-shcll ia completed 
only when rri—1.0. O'lto group therefore cIosch Avhon 'svo reach the 
21)th olomoiit copper, which has the constitution;— 


21) Cu 


I 2.s‘^ np^ is ^Si - 62308*00 


22')^ 32;^ is^ ^1)5. n, 51105*3, <1:9062*6. 


Thus the group of elements 21 Sc to 28 Ni jmsscsscs tlic outer 
structuvfi . is or and hence they arc unlike any other 

preceding clemonts. Tl\cy constitute a group with entirely new 
chemical properties. They have got variable valency of two or three, 
their salts arc always strongly coloured, and most of them arc 
strongly paramagtietic, and Po, Ni and Go arc ferromagnetic in the 
solid state. On account of those strongly marked characteristic 
properties, Thomsen ])ut them in an entirely new group enclosed 
F. 73 
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^Yitluu a vortical oblonj^ in Fig. 1, anti called tlicni tlio First Trami- 
Honal Oroup* Tlua claasilication has boon coin]dotoly justilicd by 
conaidorations of electron structure, as described above. 

On account of their peculiar electron-structure, tlu^ spectra 
of these elcmonts arc cxtroincly complex, consisting of thousands of 
lines, the origin of most of which has however been explained from 
l^vnU\s Principle as will be discussed in (Jhaptin* XTV. We sladl 
now proceed witli consid(',ration of formation of tlu^ remaining 
ehnmmts, after devoting a few reinavks to copp(n\ 

CiTKMTOATi AN1> PliyHTOAFi Pu()l‘KUTlKS OF CoiMVFU. 

When the transitional group is (dosed, come to copper ^Yhicdl 
has got the normal constitution The 8(/‘‘^-lev<d gives ns u hS^- 

t(‘rin and hence^ the On’^ -(iore is magnetically neutral like an inert 
gas. [V\\i) electron in the d.s-level gives us a doublet -term as the 
tundaiinndal level ((>2808 cm" *)* ^l-he constitution of the excited atom 
is obtuincal by increasing the (inantmu numbers suc(iessively and form¬ 
ing th(^ structure's Wd 4p, 5.s’. ft is apparent that llio>se 

structures give rise to alkali-like terms, and cons(^(tuently c-oppiu’ is, 
in (UU’tnin respects, exactly similar to the alkali elements in its cdie- 
inieal properties, and in its spectra. This is vevHied by the existenee 
of monovalent (mm])ounds like OiiyCd.j, tjiiuO ns well ns by 


tlie existence of doublet lines wlu(di 

can bo grouped in a, lunclamentiii v ^| 177 ‘l -o 

doublet spectrum like tluFalkali lines. Vlpj 

ft has been found from the analysis of ' 

tlie copper spectrum that the rosonamai 1 8t!78il7 % B2'l7‘n 

lines arise as in table 17. (12808 

But beskks these doublet lines, [\u\ are Hptmtrnm of eoppen^ shows 
a lurg<^ number of otlnsr lines wliieh (Mumot be explained ou tins above 


\ ni?7;i 

(MilS-l 

d.Y 




(W:U)H 



bllHlH. 

'riieso include t\\v. 

fttroiiK 

lino wliioli in)])ni'fc to (Imncs 


Tuhlo i 

'.S'. 

H|U’illkl(!(l 

wikti (loupcr hiiIUh 

tlioir 


ai77:» 

Hi 524 

n'« 

(rnioii coloi’iitlnn. 

Tliat 



tluiH(\ lilum 

iiro (ioniiwictl witli tlio 

llVft- 




Hp(‘ctruin 

(!iia 1)0 BOOH from (lio 

fnot 


U)7fi2MH 

xr)700'2ri 

that th(^y 

HviKO from llio !k/“''l?)-l(iVfils 




rcdiUTcal 

to ul)ov(s luiil can 

bo 

niKinfi 


?.r»ior.-r)R 

arranged 

iiH bIiowh ill tublo JH. 



'‘'Spe(!l,ruin of Ou »u A, G. Bhenstone, /iVr„ 29, 880 , 1027, 
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This iinaiysis * shows that coppor possossos besides the funchi- 
mental SeP^As “8.ij - level, two larji^e motastablo “1) levels possess¬ 
ing- tlie values bllOo'S unci ^I)j| 490t)2'() cinrh 

These levels have been ascribed to the olectroii-stnictuvo 

/.6^, ill copper wo have 11 electrons outside the ll;/‘-sliell, but wo can 
put ten of them in M and one in 4.s’, or nine in I3f/, two in 4,s'. The 
strueture gives inverted ^l)-tcrnis, and gives us an 
^So-term. Tims we get the niotastablo M)-lovels. 

It is supposed that the 4,v^-structure gives to copper some 

of the iiroporties of the transitional group, enabling it to form diva¬ 
lent coin]K)iinds like Cu Cl 2 , CuO, etc.,« . . while the normal Cu-atom 
forms inonovalont eom])ounds, 

AVben copper is excited, one electron may bo shifted from is to 
orbits lilce Ip, 4d , ♦ *.. giving rise to structures like 

M\ 46'. 4p, id\ 4,v. 4d,. 

which give us the quartet and doublet tyi)o of optical terms, and 
thus account for the comidcxity of the arc speetruin of copper. 

These terms can be treated only under Oom2)lc:c Spectra. 

286. Formation of Elements after Copper.—After copper, 
wo got zinc which possesses the structure 

80. Zu .... ls\ 2p\ Ss' 8p' 8f/i ^ is\ 

No otlier alternative strueture is ])OHsibIe. Thus zinc possesses 
strongly bivalent properties like Mg and possosscs the same type of 
singlet and triplet spoetriun. ^Pho elements after zinc are formed by 
bringing electrons to tlio 4p-shclls as sliown below J-— 

.... Go^ As*H- 

4,s-" 4p“ 

4.v‘^ 4p‘^ 

8rf^® ip' 

an. I3r jl.s*'' 2,s‘' 2p' 3.v'' 3p« ] is^^ 4.v^ 

36. Kr |l.v' 2s^ 2f 3.v’' 3?y' 4,s^ 4?/» | 

A . Q . Shell stone, Vhys. Rev.. 28, 449, 1926. P, K. Kiclilu, hid. Joimi. 
P/i//s., 1,401,1926. 


31. Gii |l.s’ 2,v“ 2/}" a-,'? 

32. Go 2.s“ 2/ 3,S'* 3?}“ 

33. Aft [l,s* 2.S* 2,;" B.s* ll;/ 

34. So |l.s* 2,s* 2 })^ 3.S* 3?)" 
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Thus in tliGSC elcmouts, the properties o£ the regnhir group arc 
repeated as sho^vu in Fig, 1 with the aid of inclined strokes joining 
corresponding clemeuts. The spectra of these corresponding eleiucuts 
have identical structure. 

287, Formation of the Fifth Period, —After tlie completion 
of the fourth period the formation of the fifth period from 37 Ub to 
54 Xe begins. The story of its formation is exactly similar to that 
of the fourth period, and it can bo divided into three sections ;— 

{a) 37 Rb 

38 Sr 

The 37th electron does not pass to the 4rf-shcll but to the S.s- 
shell as in K. Similarly for Si\* 

(/;) The elements after Sr .,, 31) Y to 40 Pd ,.. \xvq constituted in 
the same way as 21 Sc to 28 Ni and form the nacond (P'on}h 

Those elements, however, |:J 0 sscss more alternate structures for 
their ground states than the clcinciits of the first transitional group, 
Their structures are shown below :— 



Coininou core: 

Is^ 2.S-'* 

2jj'’ 3s* 3^/ 3</‘® 

4«* dj;” 


39Y 

40Zr 

4lNb 

42Mo 

4BMa 44Rii 

461111 

ddPil 

id 5s2 

drf2 6s2 

id* 5s 

4fJ5 6s 

4rf^ 5s 

4rff 6s 

d-Z'o 

(1^2 Cs 

4rf5 6s 

4rf^ 6s2 

4(i'' 5s2 


4(/<i 

d(/i> 6s 


id* 

idi 

4fJ« 

id^ Bs^ 

id’’ 6s 2 

i<l» 6s 2 


These states have actually been verified, and they account for 
the very great complexity of their spectra. 


The 47th clement Ag has the constitution j4 j fw and like 

copper, it i^osscssos an alkalHike doublet .spcctiHim, and forms 
monovalent salts like AgCl, Ag20. It does not however seem to 
possess a strong 5,s*‘'*-sfcriicturc like copper. 

(c) The elements after silver are formed in the same way as 
the group 29 Cu to 36 Kr by the filling up of the O^^-levcls by 
freslr electrons as shown below:— 

Common core: Is'^ 2s^ 2p^‘ 3p^ 3^^*^ 4.s'^ 4p” B.s^ 

48 Cd 491 .50 Su 51 Sb 52 To 531 

...65^ 5?) 5p^ 5p” Bp'^ 5p*^ 


Is^ 25^ 22^' 3s^ 3d^^ 4s4^/’ 5s 

Is^ 2s^ 2^*^ 3s3p® 3d^^. 4s^ 4^^ Bs‘^ 


54 Xe 
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Wo may add to tlvoso Cs aud I^a boloii^ing to tlic Oth period, "Phc 
constitutions of tlicso two cloinouts arc: 


, ♦ t)]/' {]tt. 50 Ba .. I l.s'“ 2s'^ , . . {).s'' 

Those cloinouts show the same charactcristLcs as the pairs K 
and Crt, lib and Br; only tlio luotastablc tMorins arc coniparatively 
much larj^cr as slnnvn below. 



Tahh 111 


Element 

0« 

1 

1 

iyp 1 *> !i 


Ca 

iUdOl-G 

10905 

807 

20220 

19072 

6932-6 


80()r>5 

75781-7 

09991 

92397 

74980 

08709 

32172 


For barium, tlio term-values arc 


0 .s-‘^ . . 

. . % =4202!) 

(i.s (ip . . 

. . 23969 

«« 5(1 . 

. . 4) a “=30034 


“Pfl = 29703 


''I)i = 32995] 


”Pi = 29393 


" 1 ) 2 = 814^ 


'Ta =2851.5 


“!)»= 433 J 




'^Cho above figures illustrate the abnormally largo motastablc 
brf-torms (juito clearly. We shall return to detailed considerations 
of those terms in Chap. XIV, 


288, The Rare Earths. —Wo shall now consider the elements 
after barium. A glance at the Periodic Table on p. 527 shows that 
we now come across a now group of clemcuts (from 57 La to 71 Lu) 
witii ontiroiy now properties not shown by any group of elements 
occurring before. Most of these elements wore discovered in the 
Bcaiidinaviaii peninsula, (which is one of the oldest laud masses on 
the surface of the 13arth), amongst eruptive deposits, and were at first 
thought to occur lu oxtronioly small quantities. They were subsequent¬ 
ly tmeed in similar geological formations in other parts of the world 
and havo been found not to bo so rare as at first thought. Almost all 
show stimg trivalcnoy, forming oxides having the formula or 

chloride MCI a, though a few, at the head of the group, form other 
oxides 58 Cc forms stable O 0 O 2 , CcgOu being unstable). On 
account of the exti’cmo similarity in the properties of these olomonts 
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their separation from each other by methods at the disposal of the 
chemists was found to bo an extremely difticult task. Life studies of: 
these interesting elements were made by Urbaiii, Auer von Wclsbiich 
and others, and special treatises in chemistry should be cousiilted 
for more detailed information on tlicm. 

On the physical side, it was found that most of the compounds 
containing these olcmonts wore strongly paramagnetic. The spectra 
were found to be extraordinarily rich in lines surpassing even 
elements of the iron group, 

Great controversies had taken place iu the past concerning the 
identification of these elements or priority in discovery by indcj)on- 
deiit investigators, for which the curious reader may consult special 
treatises ou the subject, But the investigation of the characteristic 
X-ray spectra of those eleiiicuts settled once for all the identity of 
the elements, and their sequence in the Periodic Classification, 
Before 1021, only two elements in the group, No, (il and No. 72 
liad remained iiudiscovercd. 

It was at this stage that Bohr considered these cleniente I'roin 
his theory of atom-structure or eloctrou-compositiou of; atoms. 
His views may best be illustrated witli the aid of a chart (table 20) 
given on p. 688, whicli illustrates in a picturesque way, the forma¬ 
tion of snccGssivo ,shells of electrons, as well as the spectra of 
elements. By glancing at the chart, the reader cun at once find 
out how with its aid, the discussions given in the previous para¬ 
graphs regarding the formation of various groups, and the electron 
composition of the elements are clearly visualised. 

In this diagram, wo have wiittou (ilio lovols with the saiuo k 

diiigoually (1», 26', 3s.; 2;;, 8/;, <1^;, Again tlio sul)- 

lovols , (hi .have been combined, us the rooord of 

complex spectra sliows that Iho splitting of the nj^Jovels is rather 
artificial The number of electrons filling any /c-lovel is given by 

Nk = 2(2/c-1) 

according to Paulis exclusion principle as explained in §282. With the 
aid of this and tlio evidonoo of optical spectra ns guide, the entire scheme 
of electronic composition of atoms has been built up. Tho chart visualises 
the composition very clearly. Thus lot us take tho olomonts 0 and S, 
They hnyo tho compositions : 

8 0 , . . 2^2 2p^ 

16 S ... Is2 2p^ 352 





THTi RARE EARTHS 


Table 20 , — EleMron~OomRo.vHon of Aiotnft, 


H..Is 

Li .... 2s 
:Bo .... 2.«* 

U .. 2?) 

C. 2p^ i 

N ....LV : 


TniiiHiiionnl 
( I roup I 


TmuBhioiuil 
Oi‘o«p IT 


2.S "ip 

2 0 


Nil.. 3.S 
Mg. .'3s =* 
AI...'3s*.'3j> 


ds" 139 Y .. 
ds 

<l8‘ 40 ’/X . 
rf’ ds 

ds’ dl Nh, 

cO <(s 

ds* 42 Mo. 

ds 

ds* 42 Ma. 

ds 

4s’ Id: Eu. 

ds 

lfi> ds’ 45 Ell 
ds 

drf’ds 40 IM. 
Orf" ds’ 


dd 5s’ 
dd’ 5s 
. dd’ 5s’ 
‘UP Os 
. 4d» Os’ 
dd' Os 
. dd' Os’ 
dd* Os 
. dd* Os’ 
dd“ Os 
.dd’Os 
dd’ 

.dd’ Os’ 
dd’ 
.dd'" 
dd’ Os 


ri'uiiflitionnl (Irnup U1 
1111(1 Eiivc Eiu'rtis 
j''Td>'> Os’" On" I 
07 isi . .. .70d Os’ 



50 Co .. 4/ . . Od 6s’ 

59 I’r ., d/‘.Gs’ 

GO NO. .4/’ ....'.Os’ 

0111, ..d/-.Gs’ 

02 Bin.. d/*.Os’ 

00 Ku . .4/’.Os’ 

W (id ..4/'.Os’ 

05 Til.. d/'.Os’ 

001)y.,4/'.Os’ 

07 Ho .. d/'" ... . Ils’ 
68Er..d/" ....O.s’ 
09 Tin ,4/” ... . Os’ 

70 Yl).. d/-' *. . . , ((.s’ 

71 Lii. .4/^1’ . Od Os’ 


6;j" I l Os’Oj )’' Od'« (I 
7 Od Os’ HO Ac,' . 7 (id ‘ 

_.OOTh. 5/, Od ‘ 

. Od Os’ „ . Od*' 

....Gs’ ‘ATa. 5/’. (Id' 


, Cs’ pa U , fi/’. Od 


72H£. .d/" 


70Ta ..4/'’.Dd’ Os’ 
74 W . .d/’ . Od’ Os’ 
70 Eo .. 4/"’ . Od* Os’ 
70 0» ., d/' ’. 0«“ Os’ 
77 If... 4/'* . Od’ Cs’ 


' Ag 

1 Cd..rM‘^ 

) In . . 6.4^*521 


3 An Cd^®0.<} 
) Hg. .G.0* 


05 Cs. ,0s 
00 Ea. Os’ 


Od’ Os’ 
Dd’ Os’ 


78 rt ..dy'-'.Od’ Os’ j 


88 Ka .7s’ 


----- 
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Tho iiiorfc gnses end in closed shells a:/)®, where 03=2 for No, 8 for 

A. T1)q composition of regiilav groups is sliown on the sides, nml 

that of the tvnnsitionnl groups nt Iho top with indienUons (hy dotted lines) 
of their proper plnccs in tlio sehonie. 


Wo linvc considered up to Bn which wo found has the composi¬ 


tion 


50 Bn . . . 


)s2 2.S’2 a?* iW"i 4sa 4p0 <W'« | if 

r).s2 n/)« I tnt 
Gs8 ' Op 


What will bo the state of the electrons which arc next brought 
to foi'ui the elements with higher nuclear charge? 

We Had thnt there are various possibilities. The electron may 
bo in the if, M or Gp shell. In fact, cvtui when the. tihnnents 
47 Ag to .50 Ba were being formed, thoro was ju.sb the probability 
that the 4/-slioll should bo occupied. But actual experience shows 
that this does not take irlace, and it can bo exidained from the idea 
of penetrating orbits. Ifor the 4/'-.shell corresponds to a circular 
orbit, as k'=i, Vf = 0, hence the energy of a dZ-cdoctron in Ag 
is expected to bo ~E/4■‘’=>12852 cm."' approximately. But the 5.v 
and hp shells are very .strongly eccentric and hence the energy of 
binding is much larger. In fact n.s‘ for Ag is (ilOiKi cm." ' , and 

a’ ^ 

Gp “P,j => 31543'(l, cm."' ITonce the G,*.' and Gp shells are (illed by 
profcrcmjo giving rise to elements Ag to Xo (Gp") and after that to 
Cs and Ba. Butin Bn, as mentioned before, the (tv Gd combination 
is nearly ns strong as (i.v'’. What happens afterwards V 

Bohr concluded from general conskbirations that the further 
electrons brought in will not pass to (ip, but eilber to if or Gd. 
Thus the next elements will probably have the outer Hindi composed 
ns follows! 

4/’“ £)<?■■’ (i,v, d/"® Gd (i-v* 

f.c., tlio electrons will bo distributed amongst the 4/1 Gd and (i.v-Hh(!ll8. 
(i.v cannot contain more than two, and later work has .shown that Gd 
contains at most one or two. In fact tins structiii’es giving rise 
to the lowest term in La have been found to bo 


57 La.Gp^Gd-dv, Gp'’Gd (i.v^ 

As more electrons arc brought they arc accommodated in the 
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[ii a discussion of tlu> paranmp:nctic prop(n‘tics of tlic com- 
])oiinds of ihoHo oUancnts shows that the trebly ionised iitoni has the 

• . .a? 

(‘-onstitiitiou 4/ . 

Coviposilwn of tnhip ionised rnre-emihs, 

Oonnnon (!Ovo; 2s^2p^ Bp"' BrP” 4p^ 4(V^ Ss’* fi/j*'] 
lOloinont (5800 Pr Nd II Sm Ku Gd Tb Dy ITo Kr Tin Yb Lii)+++ 

^ 9 i» 4 6 0 7 8 9 10 n 12 13 Id 

Accordiiifi: to Paulas Principle, the /’-sliell can accouiniodato 14 
electrons, hence correspondingly we get the fourteen elements from 

57 La to 71 Lu.'*'' The trebly-ionised atom has the constitution 4/^, 
When frosli electrons are brought, they are distributed over M and 
().s’ according to energy relations, The exact coniiiosition of the outer 
shells of the neutral elements, at the time when Bohr gave out his 
hypothesis, could not bo predicted. 

289. The Discovery of Hafniumf.—But it is clear that 
acuuirdiiig to the above hypothesis, tlie composition of tlic olenients 
at two limits, (57 La and 58 Co at the beginning of the rare earth 
group, and of 70 Yb and 71 Lu at the? end) is somewhat problematic. 
This agrees also with some characteristic deviation of the properties 
of these elements from the rest of the rare earth group. In fact, 
sonu>. chemists jirefor to (‘xcludo La from the raro-oartli group. In 
its clunnioal proiiortics, I^a is strikingly similar to 39Y, Wc may 
suppose that it lias tlie composition .... 5^/*'^ (i.v, or 5rf (i.v^ rather 
tlian 4/ 5^/ (ts’. But after La, the 4/-sliell begins to be comploied. 
So 58 Ce will have tlie composition 4/' ()d^ i)s or 4/' 5r/ and it 
falls under the nire-oartli group, 

Lot us next consider what will b(^ the conipnaition of elonionts 
71 and 72 ? Wo liave the alternatives 

71. Lu f)d^ i\s \ 72. H.f G.v^ 1 

6// Os" J 5rf‘^ Os J 

ICliMueiU 71 is eullod Lutecium liy the Preiich workers i\iti)v Lu lei lOy 
classical name for Paris, but was named Cassiopeium by Auer von 
Welsbaohf and is so called by the German writers, 

f All ex eel lent account of the discovery of Hf will be found in 
the article liy F. Xhnioth, Fi^gebnisse der exoldeii Noktnvmeuschaftcuy 
% 108, 1923. Bee also Gr.’ Hevesy, CheiJiival Amlysis by X-rays^ 
Chaps. XI-~-XJ:V. 

F. 74 
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At tlie time tliese speculations were being inatle, element 712 was 
still undiscovered, though a claim had been made for it by Urbain 
who called it Geltium. Urbain thought that Coltinm was trivalent 
and had properties similar to tlioso of the rare eartliH. But Bohr^s 
investigations showed that for 72, the dZ-sliell was coinp1(jt(^ and 
the four extra electrons formed the combination exactly like 

22Ti (3ri^ 4.5^) or 40 Zr (4^/^ 4,S‘^)* Hence Bohr thouglit that 72 was 
not a rare earth at all, but must be similar in properties to Ti andZr« 

These expectations wore fuKilled, As olennmts similar in 
chemical ])roperties are generally found associated in the Hame 
geological specimens, Bolu' directed llcvesy and Coster* to look 
for the new elementin some Zircon minerals (Norweigian 
Zircon). These investigators attacked the problem nhitgeno- 
graphically, and were rewarded in their first attempts. 'I"he 
L-liues of the clement 72 appeared in their calculated positions, with 
such intensity ns to convince the investigators tiuit the ehnnent was 
coiitained in the sample in fair proportioiu X-ray si)0ctra of 
Hf are shown in photograph (Fig. 1(5, Plato IX) roproducod from 
the original duo to Hevesy.f 

In fact all commercial salts of Zircon contain about 5% Hiifiviiun, 
and it occurs in the earth^s crust in the pro|)ortU)u of 1: Tt is 

thus only five times less plentiful than nickel. 

To the new elonieni;, the name Hafnium was given in hojmur of 
Bohr^s native city * Copenhagen ' which is the English rendering of the 
Danish mune ‘ Haim ' meaning port. 

The optical lines of Hafnium were afterwards photographed by 
Hansen^:; they have also been classified and it lias benvu shown 
that normal electron-composition is l5t^^ It was found tliat the 
sti’onger lines of Hf wore recorded by JCder and Valonta in the 
spectrum of Zr miijih eimlier and wore ascribed to impurities. 


290. Discovery of Elements of Atomic Numbers 43, 61, 

75.~Besides Hafnium, a miinber of other elements in the periodui 
table remained undiscovered up to 1937. These are number 
43, 61, 75, 85 and 87 in the Periodic Table. Of these, 41} and 


1 S* Bo Heveay, Natiore, Ul, 70, 1923. 

r rievesy, Gkauical Aucilijsis by ^-vays, p 226 

528,1951"'“*’ 112, 618, 900, 1923 ; iV-aiMmiss, 12, 
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Tf) wovo predicted by MendeloeCf to be aualojro\i8 to Miiuganese iu 
tboir clioinieal properties {vide Periodic ^rable 1, p. mi), and were 
called by liiin JChn and Dwi-inwfgauese respectively {fCka is a 
Sanskrit word meaning one, Ihvi ineiius two). G1 is a rare-earth, 85 
whonld belong to, the luilogen group {Mn-iodine), and 87 slionld be 
an alkali-elonient, like cacsimii {Ehn-cnomim)^ 

In 11)25, 48 and 75 were discovered by Noddaek and Tacko* 
and w(3ro culled Masurimn and lilienium. Tliey expected these two 
elements to occur together on account of general similarity in their 
chemical properties, and looked for them in tlm mineral colombite 
(NbOrt)^ and in the ore culled Platinuin earth which were known to 
contain large number of neighbouring eleincuis, vh., 24 to 29 ; 44 
to 47 ; 7(> to 79. Colombite was Ui(3 source mainly tried, the other not 
being available. Tlic source was subjected to suitable chemical 
processes to concentrate the proportion of elements having the pre¬ 
dicted pr{)p(5rties of ICka and Dwi-manganese. When a concentration 
of about 1% was sn])]3osed to be attained, tlu; source was subjected 
to X-ray analysis by Borg and Taokef, To obtain standard lines 
for comparison it was mixed with .some niobium compound, By 
this method tlujy wore able to identify lines of 43 Masurium:!: and 
70 lllionium.§ Ilo is now avaihibhi in the market, but Ma is not. 

JOIommvt 1)L has been claimed to bo discovered by Harris, 
Ynteina and llopkinsll (lfl2()) in tlic University of Illinois, U.S.A., 
and (Milled Illinium by tliem, and by RollaT in Italy, and called 
Plorcntuim. 

TMo (elements ICka-iodine, and l^ka-caesium have not yet been 
discovered. 

291* Elements after Hafnium,—The elements 73 to 78 form 
the 3rd transitional group having the compositions 4/*^ ^ bd 6s^ or 

On. last element is Pt whose electron composition is .,. 

W Noddaek, I Tacko and 0. Borg, Naitirwiss,, 13, 567, 1025, 
t An ox(!ollont account of tlui discov(iry, analysis and properties of Ke 
will he found In an article by W. Noddaek, Ei^gehnme dar Exakim 
iialiinvismmhafian, 6, 333, 1027. , . \ 

|: Masurium—so called after the Masurian lakes in jiiastPrussia where in 
1914, during the Great World War, the invading Russian army was routed 
by the Geniuins. . , ^ 

S Rhenium—named utter the Rhineland province in bermnny, 

il J. H. Harris, L. F. Ynteimx and B. B. Hopkins, Nakire, 117, 792, 

XloUa and Fernandes, Zs, f. Anorg, O/icw?., 157, 371,1920. 
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5i'/" ().v, or 5^^°, After this wo come agiiiii to the roguhir group 
79 All to 8() Rn having the compositions shown below. 

Goinjmilion of 70 An lo HH Ua. 

Coniinon (hva: 2s2.,. . dp'* iyp^ 


Element 

79 All 

80 Hg 

81 T1 

82 Ph 

89 Bi 

Composition 

6.V 

6.S-2 




Element 

MPo 

85 — 

8(i Ilii 

87 - 

88 Uii 

Composition ... 

G.v^Op'i 


(5.s‘2(ip I* 

().S‘20p^* \ 

7*v I 

Gs!!Gp“ 

7n2 


Of tlieae 87 is still unknown, iiud 88 Uu Inis oliomiciil i)i‘()[)crtios 
similar to Ga, Sj*, Ba. 


ISuCJtBNTS APrjOIl llADllhM. 


Only four olcmonts arc known iiiito’ radium, and they arc^ all 
radioactive. 89 Ao is generally separated with La in chemical 
analysis, and 90 Tli has properties analogous to (Jc* IChaiunits 91 
(sometimes called Brevium) is obtained only in miimte (pnintitieM as 
a result of tlio P-ray disintegration of IJXi, and is idculLuil with 
Protactiniiun, 

Tlic electron composition of these elements is only conjectural 
and the chart on p, 588 may be consulted. ^.I'hcre is compehitinn 
now between 5/, iUl and 7s-shollH. "I?h() following structures ar(^ 
pruvisLonnlly given: 

89 Ae...Gd 90 Tli... 7s' 91 Pa? 921)...n/'* 7.v 


6fi)cl 7a‘' . {]fl 7,s-' 

Is 5/*' 7.V 

The composition for Ac is suggested by its analogy with Jia, 
and that of Th with Ge. But it is not clear wlietluir IJ is a rare- 
earth or. a transitional element. It seems to partak(^ of the 
clnu’actors of both. 

No clement has yet been discovered after U and fnajuent attempts 
have been made to show that there is a limit to tlu! number (d’ atoms 
which can ocoiir, According to (41) on p. 357^ the energy oJ: a singh^ 
electron moving round a nuclear charge -\rZii is given by 


W^mc^ 


L,... 

-1 in +J 


where a *= SommerfoULconstant, the expression within rooLsign 
becomes negative and the energy becomes complex if > A'/a, 
for Z> 187. According to this view, there cannot be any 
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elcjneni having Z there can be altogether 1B7 elements, 

According to Mint and lUclul^l.s(n^^ the number sliould be l/aN/2, 
/.c,, about 98, and still another view limits it to 92, But the rcasou" ' 
iiigs behind these argnnioiitH are not veiy convincing. 

As a mattc;!' of fact, a determined search for elements having 
Z > 92 does not seem to have yet been made, On account of some 
mysterious reasons, the screening constant for the K-elcotrons in U 
becomes negative {vi(k\\ 4(55) and this fact, which is yet luiexplained, 
may be eoniiectod in some way with the failure to detect such 
elements. If they are found to occur at all, they are expected to 
form, according to one view, Bare Earths of Group II, and according 
to another view transitional cleinejits of group IV. The rare-eartli 
Ilypothesis may explain why so far it has been found impossible 
to cliomic.ally separate the elements, 

In a recent announcement Fcrinit claims that when neutrons 
are allowed to bombard a U-atom, radioactivity is induced on it, and 
it gives out p-rays. The iiroducfc of this radioactive disintegration 
Avould bo clement number 93, But the element 93 or any higher 
element 1ms not yet been discovered in any mineral occiUTing within 
the (jartids cru.st. flnst at the time of final proof reading, it is 
announced in Nature that element 931um been discovered at Prague 
in i)itchblcude, and its properties are stated to be analogous to 43 Ma 
and 75 Re. If the announcement be found to stand criticism, thou 
demonts after 89 form transitional group IV, having the composition 
tlior(i being no electron in irf. 

Books Recommended. 

1. N. V. Bidgwioh, The Eledromo Theory of Vakmy^ J9B2. 

2. L, Pauling andS, Gomlsmlt, TheSimekire of Line Syeclm^ 1930. 

3. R. .Bohr, AtomiG Theory and the Description of Nature (I'oiir 
Jisaays witli an Introiluctory Survey), 1934 

4. M. Born, Vorlesimycn tiher Alommechanikf 1,1925. 

5. AV. Grotrlan, Ilandbueh der Astropliysth\ 2 (1)) 1930, 

C, P, IB nu I, Limen speklren und periodisches System dcr Ekmente^ 1927. 

7. W. Nodchujk, Fh'yebnisse dcr exakien Naitinoissenschafien, 6, 1927. 

8. .F, Panefcli, Erydmisse der exalclen Natunvissensehafienj 2, 1923. 

9. G. Hevesy, Oliemtcal Analysis by X-rays^ 1932. 

10, R. F. Bacher and S. Goudsniit, Atomic Enerfjy Stales^ 1932. 

* Flint imd Richardson, Froc. Roy. Soo. 117, 637, 1928, 

t 133, 757, 898, 1934 
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CEITrOAL POTENTIALS Ol*' JCLEM.1CN4\S 


The subject treated in this chapter is of vast (Uinoiisions, and 
cannot be adc(iuatoly described in a cliapter of a 1'cxt Jiook. 

Only loading ideas are given, and a few representative ('xpcadineiits 
are de>serLbed, For complete study, reference must be Juade to the 
bibliograpliy given at the end of the chapter. 

292, Introduction : Lenard^s Experiment. —Bhortly after 
tlic discovery and isolation of the eloctrt)!), .L(inard took tlie first 
stops for studying the plicnoniena connected with tlie passage of 
electrons through gases. Ho was followed by llaniaauer, Mayer, 
and Franck and Hertz in Germany, and by Townsend in England. 
But the greatest impetus to these studies was gLV(m after !Bohr*s 
theory of spectra had obtained general recngiiitiou, and provided 
the physicists with a working model of the structure of the iitom 
which approximated to facts. 

Lonard* showed that if a ])arallcl beam of e!e(jtron-rays b(^ 
passed through a gas, two changes fire observed when the length of 
the gas colmnu traversed is gradually increased, h^irst a decrensc!, 
in the iutciLsity, ic,) tlie number of rays reaching the targ(it decrcuises 
secondly an increasing diffu>seness in the shape of the (3ro,sH-secti()n 
of the bundle. The api)aratus with which he worlced is now of 
historical interest, but it served as the model for future experinumts 
and is described below (Fig, 1) in the iniprovitd form given to it 
later by H. F. Mayer/f 

G'.. . .. A heated Tungsten lilament whicli is used as source of 
electrons. 

Bi,B 2 .Slits. A potential difference is appUcHl between Bi 
and By which endows the electron witli the renuisite 

P. L(‘iuu*d, Ann, d 2, 359, 1900 ; 12, 'hl9, 71*1, 1903. 

f M, F, Mayer, Ann, (I Phys,, 64, 461, 192,1. 
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velocity, Tlio.y tlioii emerge tlirongU s\ tlilvd slit iato tl^o 
81 )a(u^ H* 2 * The latter is covered with metal, and hence 
tliore is no held in Ha* 



riff 1. MoiUrtert fjciinvcrs A)»pAraai8 (jlfrtf/urj. 


R. .... A wirc-gaa55e. 

K. ,. , A second parallel wive-gauze covering the receiver 
(Faraday CylindciO. 

An op])Osite e. m. f, of such dimension is applied botwocn E and 
K, that only such electrons Mdiich ])ossess the original voiocity as 
acquired in passing between Bi and B 2 can pass into K, The receiver 
is connected to a quadrant electrometer which measures the charge. 

All these parts are contained within a glass vessel which can be 
exhausted to any vacuum, and then filled with any gas at a desired 
pressure. The receiver K can be shifted parallel to itself so that 
the distance traversed by the electrons can be varied. 

It was found that the current decreases as tlie length is inevoased. 
Lenard sought to explain the decrease on the liypothesis of elastic 
collisions. As the electrons pass tlirough the gas, they come into 
collision with the gas molecules, and are turned back without suffer- 
ing any diminution in velocity. According to the kinetic theory of 
gases, the number n which succeeds iu passing a distance x witliout 
being turned back by collisions is given by 

-wA 

where no «== initial number, % ^ mean freo path. 

Here wo suppose that the electron is a rigid sphere, and it 
coilides with the molecule, which is another rigid sphere Jmving a 











592 


critical potentials of elements [ XIII 

much hu’ivor mnm. It can bo shown from dynaniicH tliat in such 

encounters the electron suffers no diminution in its kiiu^tic eiuu’j^y, 

i.c,, the collision is elastic. Wo have then 

1 1 

logo nohi^— loKfl /o/7, 

because n is proportiotial to ./, the curront due to the (^hudron Ix^un. 
What is the mean free path of the electron ? Aextoi'dii^f)' to tlui 

kinetic theory if wc have a mixture of gases A, B, 0,.8 ot(^., 

the mean free path of A is given by 

ii »\ '('a Tx j 

whore rji , ... arc radii, 71^ , Rii * • • ■ concentvationH and 

Wa j • • • are masses of the molecules A, B.8, 

We su])posG tluit in the present case vjo hivo only two type's of 
particles with which the vessel is filled up, the nioleculcs nud ilu^ 



electrons. Lot the gas molecules have the radius r and l(»t us suppose 
that the electrons have vanishing radius and concentra tion, 

'■ ~ " <'«» 

is the mean free path of the molecules.*'’ 

^ Vide A Boole of Ileat, Balm and Srivastava, p. V2il 
See also Loob^H Kifietw Theory of (1994). 
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8o this (LVpnrimeiit (‘luiblos ns to calcnihtto tho (‘ollisiou i^adius 

()]■ fclu’ iitoins ov inolociiloH with wliicli tlui V(*ssol is IllUnl up. 

'l.''lio <'-nllisit)n rudiiis of ^'iisos oal(Milu(HKl ac.conlio^' to this luctliocl was 

found to bo of du? 150 

Hunin ordor of dinKiii- 

sinus as obtained ^^25 

rroni |i,‘as-ki n 0 t i c | 

tlioorios, but tlu^y 

W(U’(^ found to vary ^ 

witli tlu\ Yiilocity of t 

the priitijivy (^loo/- \ 

, t *1. 5 0 

trons in an iinox- I 

pootod niannor as Z 

shown in curvets, ^ 

Fi^rs, 2// and 2h for | 

N2,:iro,:No, Kv, Xo, ® 

7V and Hs. 

rini . Fiir. VwHiUlon rtr(^olll«lon I'ddUiaof molnoiilCH svllh volocdly 

illOSO oxpon-. .Uudrons 

nionts liavo bo(ai 

coutiuuod by Itainsanor and otliors iisbifjj improved ni< 5 thods 
which will bo described later. 

293. Inelastic Collisions.—h'urthor oxperlinonts sliowcd that 
tlie cncoiuitor of an oloctvon with an atom or molecule {^ix^os rise 
to more complex phmionHaiu than tlioso d(iS(irib(sd in tlu^ prcccdinii: 
section. 

It was known (pute early, from, the study of catluKle rays, ami 
(3-particlos (xvlueh are only fast okictrons) that tlu^ (electrons can 
ionise tlio ftas thvoiijiyh xvliich tluiy pass (s(}(i for exami)lo tlio iraedt of a 
p~ray photograpliedby the cloud-chamber method of 0. T. Ti Wilson, 
Plato 111, 28, xvhere the pres(mc(» of these secondary ions 

are .s]iow.n by small tracks). Collision in such cases cannot ho 
elastic; the electron imparts a part of its mHn'iJfy to the collidin^^ 
p:as-moloculG which is brok(Mi up by tim impact into a positivt^ part 
(positive ion) and a ncf^ativc elcjctron. ^rhe (Mdlision, is tliorefore 
inela^iic. 

From several lin( 3 S of argument, various physicists came to the 
conclusion that an oleotrou acquires tho capacity to produce ions by 
collision only when tliey possess a minimum amount of energy ; 
and that this minimum energy depends uiion the nature of the gas 
F. 76 
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through which the olectrous puss. Tlus subject wus tlms inves-stiguted 
by Lonard* (1902) by inemis ol: tlie arniiigoinent shown iu li'ig. 9. 

F, .., Glowing filaiiMJut which is the source of tdetitroiis. 

G. ...Grid. 


0 P 



Klg. II. Li'imrU’s apparnliiH for 
iiiolastlo oolllflloiiH. 


... collocfciii^ phito. 

«♦. olcctroinoter. 

. . AocoiomUn^ ]K)t(uituil iippluicl 

bot^YOc^ J^'and G, 

.. llet{mUn/>‘ ])()t(Mifcial applied 
botwoou G and P. 


Vx tlio pressure is so chosen that h'G, j)ut GP, so 
that tho electrons etiiorp;e into the space GJ.^ with full velocity, 
acquired by free full botweoii .P and G-* 

Under ordinary conditions no electron will b(', nl)l(i to reaeJi the 
eolloctinp: plate, because tlie retarding potential V» is much larp^er 
than the ueceleratinijj potential Fi. 'l.'lui plate will iheretoro show 
no uccumulatiun of charge. However tliere are two possible 
eircunistunces under which P may sIxoav a i)()sitive churi^e :— 

(a) '.riio electron may after passing throu^jjh the ^rid (‘ollide 
with a gas jnoleciile and ionise it, tlie positive ion so 
formed will be immediately drawn to tho plate P under 
tho influejico of the potential P will ther(;fore bo 

positively charged. 

(/;) Instead of ionising, tlio (ileetron may exrJi.e the atom to a 
higher state and cause it to radiate; aud if the wavelengtli 
of tho emitted rudiatioa is short enoiigh to (duet photo- 
electrons from the plate, ilm plate will evidemtiy be 
positively charged. 

It should here be mentioned that only the first possibility was 
considered byLoiiard, the second was pointed out several yenrs latia* 
by Bohr and van dor BijIt froin couHidejNitionH of Bohr^s tlu'ory of 
atomic structure. 

ljeiiar(Ps original experimental imqhods would Im coiisid(^r(Kl 
rather crude in those days and the r(‘sults cannot Ixi regarded us 
quantitative, but he established cpiite definit(’ly oin^ pieiui of 
experimental result, that, when the velocity of tin* eledrcms are 
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vai'ioil (by varying' Ft), it is found tJuit at (unMain d{^iiiiit(i valuns of 
Vi tho rate of cliar^^in^ of P kIiowh abrupt clKuijros. Tliis loads m 
to tl»c concluHioii that tli(‘ ^’as-mohuMihi is ionisod by collision only 
wliou the ck^ctroii lias |»'ot certain dofiiiito ainoimts of ciuiv^y, 
ICx])orinuuitin^^ with hydroj^'on, oxy^oM and CO a, Lonard found tho 
value of Fi to be about II volts. 

Tliis conclusion is now known to Ixi inaccurate. What Lonard 
was observing was the ionisation pot(aitia.l of mercury va]K>ur wliicli 
was ulAvays present in his cxpcriimaital vosstsls, as an impurity from 
tli(5 pump lie was usin{»\ 


294* Pranck and Hertzes Experiments on the Critical 
Potentials.—AftTcat impetus to these studi<is was »i,'iveu by . I.^Yanek 
and Hertz* who showe.d tliat the results obtained by Ijenavd and Jus 
pupils receive a ready explanation in tonus of IJolir^s liicdure of tlio 
atom. As most of these (^arly works wei;c p<!rform(ul with Ilp^’ vajiour, 
tlie nuider sliould make liiinscIJ: thorouj^'lily familiar with the energy 
lovi^ls of tlie ] atom wliic^h is similar to that of M^’ dt'seribod in §202, 
It would liave been niucli simplcv if tho ex])criments could 
have been done with the M-atonit because it is v<sry easy to d(5scribo 
the dillenuit (luantum states of the H-atom (sec p. f{27). But 
hydrofi;(m occurs usually in the form of luohuuihts which complie.atos 
the mutter. It is easiest to work, with [:I)u;-vupour. An Bis-atom 
contains two valency electrons, and the stnieturo of its Hjicctra is 
similar to those of Mf>’, Zn, CM and to a c(U‘tain (jxpait to those 
of Oa, Hr, Iki. Hpijctroscoiiie, analysis .h1low<k 1 that the fundamental 
state is ■‘•Ho. The next states are 
‘‘Po, 'Pi, 'P^muFPi. IfthellK- 
atoniH arc bombarded by electrons, 
tium provided the enerjijy of tlie 
bombarding? ckadrons is sullhucntly 
lar^o, some of the ll^-atoms will 
Imvc one of their valoin^y ehictron 
raised to these hii^lier levels 
**Po}i »2 mid ^Px. But tllose states 
are unstable, lieiice after an inter¬ 
val of time (I()"^ to 10"''see.) the 
eloctron will fall back to the bSp 
state. In this process radiation 


21830*8 


30112*8 



40138 

447C9 

4GG30*2 


84178*5 


.c 

AW I 
FQ7'l)i<i(len 


G'TkV^'*®® 

Forbid(lc?i 


I'Ik. I* Knurify IavcIh of U^f nlum. 


’* Frunck anti G. Horfe, Zx. f, Ph/s,, 17) 409, 1910, 
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will be cnutfccd. Aceorcliuf^ to the, H(ileetioii“])viiicii)lft» lK)AVoy(^r» 
traiiBitiou from ’* 1^2 to ^So is forlmbh’ii, Ikmioo, we luive only 

oinissioiiQ of the lines X 253(^52 a:ul X I.B^IDT) e()iTOH])ondiu^ to trnnsb 
tioas from ^Pi to bSo. These transitions ar(i sliown in 4. 

Aocor(linj>' to tins sclieme, inohistie collision of (electrons witli 
Hg-atoms should eonimonee, ^Yllell the energy of the bombarding 
electrons is inercasccl to 4’i).eleetroii-volts. J^'nrtlunv ‘^t this v(>ltagi^, 
the Bg"Vu|)our would radiate only the line ^25^(5, and noiuj 
else. 

'Phese conclusions experinumtally verilied by ll^'amdc and 
Hert/i as follows. 

KxnniiiMWNT OK Fiiauok and IfKirr/.* 


Va 




rijf, 5. I'Vnijrk uimI ftjipnnauH, 

'.rhis npparntua miuires Uttlo (ixiiluiuU.ioti. |t' in l;|i(> (iliiimail,, 
(t is the, Kml wliicli is now ))liu!{!(l closa to tlin oollec.tiiip; jilnti! I’. A 
sonsitivo {fiilvaiumiotnr roplncos tins cloctvoniotor of Loiiiinrs apijani- 
tiiH. Vi uihI ^ FG, so that tlic (tNattvoiis siill’or many 

collisions in passing from F to (i. 

In the actual apparatus, tlio plate and j^rid wore in tlm form of 
coaxial cyliudera mounted within a f-Iass tidxi, and tim lilameut was 
monutod centrally. I’hc glass vessel could Ixi evammted and lllled 
with the gas to be investigatcid. 

Since Vi ^ V^ the latter will not be id)lo to provemt tins 
primary electrons from reaching P, '^rhe. gaivnnomcttu- tluircfore 
shows a .small etirrcnt which was found to vary as {V- Vof 
in accordance with the Child-Langmuir velationsliip {vide 
infml When however Vi exceeds 4'il volts, the idectroiis eaii 
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communicate tlie whole 

of tlu 

and (!an 

b(i iirovcntc.d 

350- 

from rea( 

‘-Idnf? P l)y Fs. 


Moiico there is a sudden 

300- 

drop in 

tlie (MiiTont 

'rids is 

illustrated in 


h'iK. (i, 

whi(di repre- 

250- 

sents the result of 


h'rantdc j 

ind J Imiz for 

I 2 OO- 

g 

Mg-vapours, As Vx is 


furtiuu' 

i n cr 0 a s ed 

150- 

the cnrri 

imt again goes 


on iiumoi 

ising. At 07 

100- 

volts, tluw(^ is a He(U)nd 


drop due 

: to the excita- 

50- 

(hm of the VPi-levol, 


yJrj 


r»!}7 



I'llf, 0, Kmimli mill llovix'H (uirve for 


r mi'iTury vopour, 


'l.'lio mothod (l(!s- 
(U'ibdd nbovo is liowovcsr 
open (.0 Hovond soiim!S 
of error. Tluwe lire :— 

(«) Max.wdliim DisInlniMon of Velonly. —AVe assiinie tliiit the 
prinmry electrons come out ol' the (iinmeiit with zero velocity luid 

elrv.lron}< (miUkd from a hmird (Millision 8])iic(i \h only 

/itmiwnt (lu(i to tho upplLod {KicoUirutin^’ 

liotootiiil. This assumption, 
howovor, is not justilincl, bo- 
<^,aus(^ tlm olt^otrons as tluiy 
oinor^o from tho lllanumt 
V)oss(^sB a Maxwellian diski- 
bntion of velocity, 

'I'bis error may be corrocted 
for by (Indhii); the velocity- 
dLstribiition approximately, 
wliieli is done by varying tlie 
retarding potential a]>plied between the (iliimont and the collecting 
plate and drawing a curve between the plate current and the 
applied retarding voltage. I'lic results obtained iToin such a curve 
arc shown in table 1. 

{lij .PolenUal Drop al(mg the Mlamerdi —Our next assumption 
is tliat a 11 the electrons fall through the same accelerating 


Jha’<ientagn of 
electron oinisslun 
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l)otential. But owinj;^ to its high rosistaiioo tlie [)()t<‘iitiiil 
Avo]) along tho filament is (‘onsiclorablo, '^rher(vl'oro (il(‘e^trons 
coming from diirereiit parts of the lilainont fall through (IKlenmt 
potentials. 

Tlio above defects have boon remedied to a larger (externt by 
iniin’oving the source of electrons. In el loosing a satisfaedory 
soiireo several factors have to be taken into consid<n*a.tion, e.r/., tlu’- 
effect of the gas under inve.stigation on the filanient, i\\o possi¬ 
bility of dissociation of the gas at the filament surfma^, the 
length of time the filament retains its ]iro])erti(is und(u* tlni 
conditions of the experiment, etc, However for most purposes 
the following source is found to be satisfactory* A snmil nickel 
body is fused at the Jiiiddle of a tungsten filament. Owing to 
the liigli conductivity the potential drop across it is v(n‘y small, 
and the wire applying the accelerating potential is attaclnal to this 
body. TJie error is thus ])ractieally eliminated, 

To reduce tlie error dno to Maxwellian velocjity distribution 
among the electrons, this nick<;l body is covered with a layer of 
alkaline earth oxide. Tlie work function {vifh infra) of alkaline 
ejirtli-oxides being very low, (dcctrons are (!Opiously <mutt(}<l at 
comparatively low temperatures and so liuv<! low Initial v(docity and 
a narrow velocity distribution. 

The method of inagnetic resoluthni to separate a Ix'ani of <^lee,- 
trons with a .sharp maxiiniun velocity limit from an iiihomog<meoiis 
beam ha>s also boon used. 

{(}) Binco the collisions can take place anywh(U’(* Ixdwemi the 
(ilaiiient and the grid, the velocities of the bombarding dectrons 
range between xero and the maximum (corre.spoiiding to the potrmtial 
applied). 'This deprives the apparatus of iimch of its sensitivemess, 
ic,y the maxima are not very sharp, This is eoiT(*et(‘d by putting an 
auxiliary grid very close to the filament and applying tlu^ a<;e(‘l(a’ating 
])otontial between the two. 

(d) Oojilad VolmhaL —Hesidcs tlie acedorating potential applied, 
another source of potential exists between tlie filament and tin? grid. 
This is the contact e, in. 1 which always exists Ix'twfam two 
dissimilar metal snrfac(‘,s, 'I^li(‘ value of this may Ix! ]>r(’vioiiHly 
detormiued and. allowed for, or the aiiparatiis may be enlibrated witli 
a gas iiossossing known critical potentials, 
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Franck'^’) Kiiinporaf and Kiui)i)ing:^: liavo iiscal Franck and 
Mudltod in accurately dctcrmiinnK the critical potentials of 
H^-atoinw, ICinsporn adjusted the pressure of the l:rj»“Vai)onr 
COI to (i unn,) in tlio ai>paratns, so that tiui iniinber of collisions is 
fairly lar^j^e and In^ increased the accelerating’ voltage by stops of 
OM volt. Furtlicr ho put a grid just in front of the filament^ as in 
jfig, 8, so that VQi < and the full accolorating iiotentiahis applied 
botweiai F aiubCIg. liotwcen Gx, Q a there is very little liold, and 
(ji Gl> so tliat many collisions can take ])hice in the space 
Gx G g. 'Phis arrangeineiit imu’eases the sensitiveness of in(?aanrenient 
considerably. One of his curves is given below (Fig. 7). It will bo 



observed that tlie first juaximinn occurs at volts instead of at 
4*9 volts, Thi.s is diuj to (tontact potential and other sonreos (yf 
(tiTor. To get tint actctiirate valiKt of the resonance potential the 
diireretKt<t b(ttween the first two inaxinia ought to bo talcen. As lias 
bcfm point(td out by JCinsporn himself, most of the maxima of the 
curv(t can be iiitoijxrctctd as various (toinbinations of didcront 
resonance potentials as sliown in the table 2 on p. 500, 

' 295, Difitinguishing Ionisation Potential from Resonance 

Potential - Experiment of Bergen Davis and Gpucher,— Though 
l^Vanck and Ilerty/s (Experiment describr'd in the preceding section 
adbrdcid a straightforward (ixp(‘i’imeatal vorificEutioii of BoliFs 
theory, it failed to distinguish IxitweciU tlio lUESonunce and ionisation 


J, Franck and P. Knipping, /js. /*. Phj/s.Af 320, 1920, 
*[* J. Framjk ami ,10. Finsporn, Za, /i /V^/y.v., 2, 18, 1920. 
t Ji liinsjEorn, Zs, /'. Phys\y 6, 208, 192i. 
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Table 2.—Ontieal poletiliah of Iffi. 


Oh.Horvetl voltages 

■ Combinations of 
a — 4'9 volts and 

1) G'7 volts. 

Dill lx it. (uil 
(minted and 
obsewtid 
valiKiS 

From Curve 

[ 

Corrected 

B'8 

(to 

a - 4*9 
h - 6*7 

0 

8-7 

9-8 

2a = 9-8 

0 

tO’l 

11*2 

rt-h/) = lJ-0 

-^0*4 

12'4 

13*5 

21, « t3-4 

-P0*1 

130 

14-7 

Urt = Id'? 

0 

140 

lO'O 

2a+h = IGf) 
«H-2/; lfr3 

-Of) 

lG-6 

17*6 

-0*7 

IS'2 

19’B 

4» = 19'G 

-OB 

19<l 

20T> 

3/) - 201 

+ 0*4 . 

20M 

21*2 

3«+ft = 214 

-0*2 


potoiitiiils. DiiviH iitul Gouclioi'’" dcjvJHdd tlui followiii}!; 

modifientiou by wlucli tho two ixitonfciiilH ciiti bo (liKtiiitvniHluid 


V, 


Vi 



iGi G,| 

Fig. H. DnviH ntul Ooueh«r^n ru*pnrrt(tiH. 


earth 


fiv)in cadi otJior. '.Pwo 
^'I'uls G x nml (K 3 wcr(^ ii.scd 
l)c,two(ai the lihuiKnit and 
the ])hit(s and three suit¬ 
able potentials Ki, 
and V]\ were applh^d. 


72 > 7 i > Vn 


Vi .acederating potential which (‘,an be varhul as usual 

Fg., .,, retarding iiofcoiitial > 7 i. 

Fs . 4» .. small constant potential wlios (5 direction can b(^ r(^vers(Hl 
Further, 

X > mx but < Gi {I2. 

Beginning from xoro, the value oC Vi is gradually raised and for 
each value of Fi two vidues of plate curr(int ar(^ r(!ad (air- 
rcs])()nding to the two directions (direct and reversed) of Fn* 

Davis and tlonch(U* obtained the following cnrvi^s in Ifig. 1) 
with irg“Va]ioiir: 

+ cuiTont denotes that tho current (lows Cri)!)! tlia ])lat(^ to the 
earth, - current denotes that tho How is in tlie opposite direction. 
We consider diis curve in detail and examine it i>art by ])art. 

B. Davis mid F. S. Goudier, Phyi^, /to., 10, 1.01, 1017. 
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(1) OH."r]ie electrons outer the collision space G% G 2 

with tho full velocity corr(;s])ondinj;>; to Vi* Ah lon^ ns Vi < 


resouimco potential, tho colli- 
sions arc elastic, ^('ho primary 
electrons cannot reach tlm ])Inte 
because > Fi, whatever may 
be the direction of Kn. Monco 
the ciirr(mt is zero. 

(2) RT. As soon ns 

Vi reaches the value 'the 
first resoimiice potential of 
llg), tlui cl(>ctrons in the 
spnc(^ G 1 G 9 siiHer inelastic 
(iolHsion with IT^-ntoinH, and 
excite thein to tli <3 'M^-orbit. 
These excited atoms radiate the 
lil^ht ?.L>5!hS in about 10^^ 
.seconds, and return to the nor¬ 
mal state ^So. This radiation 
fnllin^jj on P and G 2 , r(d(Mi>sos 
photo(5loctr<)us. if V{i is from 
the (3lectr()n.s released 
from cannot leave it while 



{''Ik* 11. UnviH Aiid Uonchor'K i^xpia'liiu'itlHl 
ciii’VH I'm* im-i’^ury. 

thoHO fvoin (ra fU’(! ussiKtod in 


imwaiiig to P. A negativo ciiiTcnfc is thoroioi'o obtiviood. Jl’ ¥» is lunv 
rovoraccl ((Ia-►•P), tho iiliotoolootrona fi’om P im! oiinbloil to loiivo it 
while thoHo from Ga avo hold up. Munco P .showa ii poHitivo (iuiToiit 

ovor tho part RI.ia ICig, {). 

Wild, n is further iiumjased, inelastic (M>llisiourt beconio inoro 
fr<HiU(mt, and radiation, of % 2r);J(i be<it)inoH Htron|>:(T. Iloiun^ (ho 
^alvnnoinetor curr<3nt (both positive and ne^);ativ(0 ^oesoii iiun’caiHing'. 
At ()7 volts, the cniTcntB show a further discontinuous rise. OMiin 
is diKi to a frosli process just startiiif^, vix.y the excjitatiou of Jl’ji>:-aloni 
to the ^ Pi “State, attended with the enusHion of X 'I'Iijk (uin 

be interpreted ns the second resonance potential of 
is) points B, S and beyond. 

The next abrupt rise in the rate of increase of tho cuiTont 
(U/d Vi occurs at points 8, S which correspond to about 10'4 volts- 
T\iq most remarkable thing' about this i)ointis that for both the diroc- 
tiojis of F^) the current is+ve, Tliis is explained by taking 10'4- volts 
as the io7zimlion poimiial of .Hg. 'l?lio electrons from the filainont F 
F. 70 
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arc accoleratccl by 7i volts and wlioii th(^y pass boyond G i, tboy 
jiossess ttiifficicnt oiieruT to ioniso the ife atom against wliich they 
iinpingo. Those primary electrons togoUicr with tlu>se whicli they 
have knocked out of the neutral atoms, fall back to tlie loft side of 
Ui, under the indiioiico of large retarding potential Kg. 'I'he posi- 
tivG Hg-ions formed by these collisions are liowever accMdcu’atod 
towards P by Ka. '^hhe galvanometer tlierefore shows a lurgo-hve 
euiTCut. Since Fu Fi, its direction has very little inllnence on 
til esc positive ions, 


296, Hertzes Methods of Determining the Resonance and 
Ionising Potentials,—The doable grid methods tU’scrlbed above 
have boon further improved in several ways by I lxu’ty/'’^. (Usv(d()p(^d 
two distinct motliods, oiio for the measunMuent of ionisation 
potential, and another for the in(‘asuremeiit of i’(\somineo 
potentials based on two distinct i)rincipl(?s, and in a tlnrd nudhod 
he combinos the two togotluT, We describe the methods one by one, 


(1) Mmroi) OP Si^vok Cmauok (ToNiHAi’roK lh)'rioN'iaAL), 

In irig. 10, Fi is a niumentemiUingehjctroiiH, Fjj is ase<H)nd (1111- 
meiit heated to very high temperature and (inclosed in a cylindrical 
box R. with a grid side towards Kleetrons (unitted 
from Pt are drawn by an a<mel(U’a.ting i)Ot(mtial Vi into 
thobox wimro collisions witli gas mol(auil(^H take place. 
AiT.tarding potential F^, U^ss than tlm (triticail potnntinl 
of the gas under examination, is ap|)li<‘d to to k(M!p 
the eUxitvons away from it. A. galvanomebn* Ga m 
eonm^ebid btitweem If a nnd II. 

Ah the Unnpc'rature of h\ is raised th<^ (electron 
I yi'aJ emission from Fa increas(!H, and tluj galvauomidor 
indicates (in increasing el(Hdron-curr(mt. Hut very 
soon the space inside tli(i box acMiiiires a high electron- 
d(msity, and it exerts a strong .repulsive for(?e on the 
negatively charged lllanumt h'a and prev<uds any fur¬ 
ther electron emission from it {,s])((re rli(ir{pi (!/)wi\ 
This puts a limit to the nuixiimim (^hmtron cuiTonC 
between Fa and II. The limiting cnmait is jjractmally uninllnonced 
by liny losoiianco radiation duo to imilastic collisions talcing i)hico in 
tlie box. 

^llc\ VA,Zs. f. 18, 8i1, 1028. 





Kf|$. L0> Tlvrii'/rt 

AiitinratiiH. 
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On tho othor liiiiul if Vx is lar^o nuongh to ciiiisc ionisation 
of inolcjculos by iJio iinpuot of clGctrons from positive ions are 

readily attracted to J<\, thereby n(nitruliHin||>: a part of the (‘,h:ir^‘(‘ on it. 
This allows further electron emission from and the ^alvannmet{ir 
shows a sudden increase of eiUTent. 

A typieiil r(^Hult obtained by this method for neon is illustrated 
in the curve I of 14 . It is clearly seen that tlio ionisation 
potential is nearly 21 volts. 

'Idle method is liowever oiien to the eiTor due to diHivibution of 
electron velocities. 


Ga 


K 


f'Xr 


KIk* njiimi'nliiB foi' 

ritHOimiico cxppi’lmonl. 


(2) Mirnini) of llFsinuAn (Iuimifnt (Ukkonan(JM PotentjaiJ. 

An (>bj(a*li()nablo feature eonunon to moat of the precodini^ 
methods is that they measure the ellect of inelastic eollisions as 
siiperi>os(Kl oil the ciflecta of all types 
of impa<»,t takini^ place at a lower pobm- 
tiuh In ordiu' to avoid this uncertainty 
Her(7/^ d(5vis<‘d tins apparatus sliown in 

11 . 

¥ is tlic luuited lilameiit from which 
electrons arct acceleruttul by means of a 
potiaitial Vx into the cylindrical space 11 
havini^ pjrid sides. It is siiiToimded by another coaxial cylinder P. 
'riie Bpuc.e in U is perfiadly field-free. ;V small retardin^^ potential 
V2 (about OT volts) *< Vi is njipUed between the ja;rid and P. 

With a particular value of Fi, wc Kive a small value to F^, .say 
O't volts, and then put it eipial to zero, 'riic ehajtrometer ciuTent 
is noted in tlie two cases. In the first case, only thoso electrons 
whicli po9S(»ss energy greater than O'l volts will ivawM P, while in the 
second cas(s nearly all the ohaitrons will travel to 'P. 'l?ho dillerence 
in the two cuiTents gives thereforo the number of electrons having 
energy less than O’l volts after any inelastic collision has oeciirred 
in the space. Fi is now iucroased in Hteps and every time the two 
operations (with F3) are repeated. As long as no inelastic collision 
takes place, tlio cviiTont remains Bteiuly. But at, Hay, the first 
resouanco impact, the ehictrons give their wlude energy to the 
molecules and are broiiglit to rest, so a very few of tlieso electrons can 
travel to P against the retarding potential Fg. But if the potential be 


* a. Hertz, Zs. f\ Phys., 18, 307 , 1923 , 
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tJioy cun tmvnl (:o P. So u(; an inolnsiJc t'ollision, dim to 
(^x(',itjiti(»n onfluMn()l(Mnilo t() msoinmoo^ in a smldoii inoroiiso 

in tluj botwocui tlio 

ournaits ^vitll or wUliout Lluj ro- 
tardinj*; potcnitiiil V 2 as shown 
in tho (uirvo in Fi^, 12, for No. 
Coinplcbi ionisutionof iitoius, liow- 
(Ivor, lias lu) oUcad; on Clio r(isiiU, 

I n lih(5 curvo shown opposite 
tho (Irsl; (mdta tion potoutuil of No 
at .1.(5‘(55 volts, and thc^ scH'oiid at 
IS'dn volts aro oh^irly distini^’iiisli- 
Oil Jii ()rd(vr (io lualcci <M)rr(udions 
1 %. iu. amixiKinii iiuiniiiji) nnrvn distribution of vi^hmitios, 

ainon^’st tho litnnbardinj;’ ol(^ctrons, N(^ is inixod witli Jin in tlm 
oollision c.liinniau*; tlio Ilo-oxidtation potontials obtniiUMl (on tlio sumo 
c-urvn) !u’(^ (‘^orn^idK^d by ooiniiurison wilb thoir standard Hjumtroscopio 
valui^s, and tho sanui (*orro(jtionH aro ajipliod to No, 

'Pin* inothod has bocm (nnploy(?d to Ivr by ’Mortz and ICloppors,’*' 
who hiivo oblaiiH^d tho l, P, - tiPd volts, '^^Pho spoo.troH(U)pi(j valim is 
lii'bd volts. 

00 IlKiny/H Mivnioi) kou IIkkonaniu-: and Ionisation INitkntials. 

Jiy a slight inodhio.ation of tin? npiiaratns of inothod (I) Hertz 
lias ooiidiiiual the above two nnsthods, so tliut liotli ri'sonaiuai and 
ionisation pobnitiuls oaa bo unnisunHl by i\\o saino apparatus. The 
apparatus is shown in ,18 wl)i(di, as oan b() 

(•asily Hoini, is a oombination of tho arran^'oinonts 
used in iiadhods (1) and (l!). 

'Po ^’ot tlio ionisation potential, P is oonniioted to j, 

(ho ii'rid (1, and then the saino in’ota^duro is adopbul 
as ill iiudliod (I). To obtain (lie pottnitials (U)V,roH« 
ponding to r(‘Honun(jo tlio hc^atinp; (uirnnit from h\j is 
withdrawn, and it is (ummudod to U, and thon wo 
pro(!Ood as in method (13). 

'I.Im* r(‘Hnlt of oxporinioiit for No is illnstnitod rifo niumr- 

ill )''in. I'l, wliori! tll(! C.lll'Vd I KIVCH tlio ioilisutioil l 0 ">"ntl()ii |>oli'iill(il«. 
Iiotoiiliiil ]''i luid tlio (iiii'vo .11 (fivoH tho ili'Ht I'OHonunco iiotontial 




» ( I. M.-rl/, mill :i{, K, KIoiiiiorH, Zs. f. 31, 403, 1020, 







COISlTROhhm) JfiXGITATlOI^ 01}' SPhlCTRA 


V.)* . Vj. iH coiTfiCtcd by coiupiiriHOn with stjuuliird Ho curve 
explained iu method (2), and the 
same correction is then applicjd 

to Vi , A little uncertainty lunv- “y 8--- 

ever remains, Ixuwuiso w<i do not 5 ____ 

know which point on the curv(^ !i 
coiTcspondH to the point'/, which ^ 

is obtained by the intersection of 2_ 

the horizontal part of the curve ^ y. 

witli the slopLni^ part. I'his error 15 17 19 2l 23 25 27 

is inininiised by usin^^ a sinuil 

retarding potential and con lining iKacntuis or nooji. 


15 17 19 21 23 25 27 

volls 

Kl^^ M, Crliinnl ]»()lci]tUlH of noon, 


the velocity-distribution of electrons from ¥x within a narrow limit. 

297, Controlled Excitation of Spectra.—Franck showed 
that when Ilg atoms arc bombarded by electrons having an energy 
of 4*9 olectroii-Yolts, the atoms are just excited to the higher state 
immediately next to the norniah This state is unstable and the atom 
returns in about 10"^ sec. to the normal state ^So, after omission 
of the line ^.252(>. Now X2f536 has according to the qimntuin theory 
the same energy us an electron falling through a potential dilfercnco 
of 4‘1) volts, hence the experiment affords a proof of Bohr\s theory 
of spectra of atoms. 

These investigations were continued by many workcr.s. We 
shall describe the experiments on the controlled oxcitiitioii of spectra 
of Mg by Noote, Meggers and Mohler.* They developed a method 
in which the atoms wore excited by boinbardinoiit with clccti’ons. 

Pumps 


Electric Furnace 



jEheeNron Cylinder 





Pyrex r ’ 


Tungsten Filamenl^^ 


Klf;, 15. ThftQpptu'ntus for coiUpoIIhU uxoluilort of apootrft. (i^ji«rA) 

whose velocity could be regulated. Ifig. 15 shows an improved form 
of their apparatus duo to liuark.f 

^ P,D. Foote, W.R Meggers and F.U Holder, i002, 1921. 

f A. E, Riiark, /, Op, § 00 , 11, 199, 1925. 
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The appamtiis consists of si pyrox ghiss tube unti is I'.loscd by a 
teinspsu-Giifc plsite of fused quiu-t/ which is opim to ibo s)>ecU-owroi>c. 
The vessel is pliicod within sui electric hinuice, which vtipoi’iscH t w 
substance placed within the vessel. IClcctvons an* provided by a 
heated tungsten filament. The grid is in the form of a nickel helix 
siuTonnding the heated lilanient. An iron .sheath (incloses a li»'ld- 
free collision siiaee between the Hlaincnt and the grid. 

By observing the inininuiin |)otential.s at which the ditVerent 
line.sof the spectrmuare excited, a direct dcterniiiiation may be made 
of the amount of energy nccoH.sary for their production. I.he values 
.so obtained in all cases con firm the deductions I’n.iii the (|uiuituni 
theory, ie., the equation (‘,V-=h\> has been thoroughly tested. Auothei- 
interesting point about tlds inothod i.s that higlnu' series lines are 
readily photographed. 


UN£ 3P£CmUM 



Fig, 1«. CoMlvolIttd ex (ill lU I on of llio Hjicrtru of Mg. 


Lot us consider the case of Mg in sonio detail. Mg Avas subjec¬ 
ted to a thorough investigation• by h'ooto, Meggens and Molder. As 
mentioned already the spectrum of Mg i.s siinilnr to that of Ifg and 
its energy levels arc slioivn in 1%. 5, p. 388, 

The folloAving Averc the results for four .succcHsivo riiiigcH of 
potentials betAvecn 0 to 20 volts : 
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(1) 0—27 voltH ; Wlicii the energy of the bombarding electrons 
is loss thuii 27 volts which is tlio (irst resonance potential of Mg, the 
collisions are elastic unci no radiation is observed, 

(2) 27volts: The three levels =^1% are very 

close togcdiher in the cusc! of Mg and arc not distlnguisliable by this 
method. Ho when bombarding (doctrons tiave an energy of 27 volts 
or move, tlio normal Mg atom is excited to any of these '*Po* 1 j 2 states, 
But a return to normal state from all of tluise excited states is not 
possible, Only one transition ‘VPi^ ^Ho i« allowed by the selection 
principle hn* inner (piantiim numbers. Therefore the radiation will 
consist of oiK^ liiu^ only, m,, X457.1.. This was found to be the 
case [nkh h'ig. Hied, incidentally the equation eV ~ hv is also 
verilied, because aciciording to th(^ above O(iiiation X 457.1. sliould 
eoiT(‘S])oiul to 27 volts. 

(2) volts: The second resonance potential of Mg is 

4il2 volts, and t\u) bombarding electrons with this amount of energy 
will be abhi to exedte tins atotn to 2 ^.Pi state, According to BoliPs 
.selection principhs iov the azinuithal qmiutmn number, no transition 
can take i)hiee from this level to any of the next throe ‘M.^ 3 , 1,0 levels, 
Therefore only one transition, v’/r., 2 4;h hSo wliich eorre8]K)nds 
to X 2852 is possibles Ho at tliis stng(^ of oxentution the .Mg 
spcjctriiin consists of two lines only^ X 4571 and X 2852 (sec .h'ig, Ki/v). 
It ought to b(5 notc^d that if the transition 2lPi -->-2 ‘‘.Bi were 
]K)Hsibl(s tlu', line X 7587 would havcj appeared in the .spectrum, 
but using dicyauiu staimul i)latcs which arc highly sensitive at this 
wavelength, no fcra(ie ol! tlui line could bo found, This is a very 
inter(?stiiig verilication of B()hPs selection principle. 

(d) At 7‘(il volts and beyond 1 At 7'()1 volts the bombarding elec¬ 
trons eoinph^tely ejects one (deetroii from the Mg atom, '^l.'his electron 
returns to the gi’onnd hwel hSo by successive inter-orbital transitions, 
As ther(i are luinKU’ous atoms npi)roaching (niuilibrium by tlio various 
dillereut <ioinl)imitions of transitions possiblci, we get in the radiation 
the com])loto arc spectriiin of Mg (l<'ig, 'Hio spectrum 0 corros- 
poiuUiig to an excitation potential of 10 volts shows an enhanced 
doublet bcHules the arc .spectrum, This is duo to the fact that, a Mg*^ 
atom rotpiires an onorgy of dM volts to excite it from its ground level 
(^Bi) to the next higher energy level wliich is a doublet 5 ), 
A normal Mg atom may be iH’OUght to tins state by two sneccssivo 
collisiona witli 10 -volt electrons, as shown in Ifig. 10 A, 
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As this excited atom rotnrJis to the normal state, an en¬ 
hanced doublet % 2808,2705 (corrosponcling to transition 

is emitted. Wlien 
electronic cur¬ 
rent at which the 
isl Collision 2nd Collision cx])oriinoiit is iier- 

rig. IflA. InelftHtic collision of MpT'vUh 10r olrfttronH. ;{;Orni(id is loW, tlui 

chance ot two successive collisions is small and these lines are 
weak, but at high ciiiTcnts they are quite strong. Beyond 12*01 volts 
(7*61+4*4) one impact is sufficient to ionise a Mg atom and to bring 
it to state; so this doublet is quite distinct even witli very low 
our rents. 

To remove a second electron from a Mg**’ atom, 141)7 volts are 
necessary. At higher ourroiits this double ionisation is achieved by 
two siLCcessive collisions and the complete first spark spectrum is 
obtained just beyond this voltage {vide Fig, IGd). If however the 
current is low a voltage of 22*58 (14*07 +7*61) is necessary to excite 
the spark spectrum. Ruark has succeeded in this with such low 
current densities us 0*1 to 0*2 milliamperes per cm^, 

At 46'9 and 1200 volts the L and K radiations a])pear. Though 
at this stage the second spark spectrum of Mg is expected to appear, 
but it does not do so. This is probably due to the small chance of 
three successive collisions that would be necessary. 

The above is a brief account of the work of Foote, Meggers and 
Mohlcr with Mg. The full table is given on p. 600. 

The theoretical critical potentials of He, Ne and Hg have boon 
contomed by this method by Hertz. In some cases, <?,(/., No where 
tlio first appearance of certain lines cannot bo distinguished witli 
sufficient accuracy, photometric measurements of line intensities are 
taken and an intensity-voltage curve plotted. The curves Avoro 
usually found to cut the axis at considcrabio anglc.s and so gave 
quite definite values of the critical potentials, 

298. Critical Potentials for Soft X-ray Emission as Deter¬ 
mined by the Method of Electron Bombardment.—Motliods of 

controlled electron bombardment have been employed by llicliardaou, 
Compton, Thomas, Kurth, Hamer and Singh and others for the 
investigation of critical iiotontial of elements for soft X-ray omission. 
Electrons of controlled velocity from a filament arc alloAved to bom- 
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Tahir. H —(hniroUed cxcitaUon o f the spccJrum of Mg, 


Btu’ios X 0 ta*- 
iioji 

Wavolongtii 
or wave 
n mu her 

JOnoi’gy ill 
volfcH 

Types of Collision 

Type of 
Spectnnn 

PSo--2M’, 

1 4F)7l A.U. 
V 21871, cm-• 

2-70 

IiiolaHii(5 collision at 
the first reaonaiK^o 
j)ot(?ntial of Mg I 
( Mb' iSo ->• Mg 

Bingletspcc- 

truni 

jiS,-2'ri 

1 2858 

V 85051. 

(t-38 

JnoluHlic collision at 
the second ^ reso- 
naneo potential of 
MgL(MgiSo-vMg 

■I’l) 

)) 


V 01072 

7-01 

IiKslufltic collision iik 
(ii-st R. P. (Mb i.8o 
Mb+ 2Sj) 

Conii) 1 e t c 
are spec- 
1 truju, sing¬ 
let and 
triplet. 

2.Si -n\ „ 

a v 

% 2808 

V 8500!) 

\ 2795 

V 85701 

M 

Tnolastic collision at 
first It, P, of MgF 
(MgF ^S, Mg't- 

Enhanced 
d 0 u b 1 c t 
spectrum. 

*So 

V 121207 

1(1-97 

Inelastic collision 
at tlie second 1.1^ 

bSo) 

Comp lo to 
enhu n ced 
spectmni. 

+>s„ 

V 182989 

22-58 

Inelastic collision 
witl\ ojeotion of 
both vahmee oltH5- 
trons (Mg hSo^> 

igo) 

Com p 1 0 1 e 
onlnin cod 
and arc 
spectra. 

Lai,2 ... 

1 

V 380000 

40-9 

Inelastic collision 
with (ejection of an 
L-oh;(itron :f r o in 
Mg I 

Jj-Itadiation 

Ka 

X 9'809 
v/Ii 92'4- 

1299 

Inelastic collision 
with ejection of a 
K-clectron f r o m 
Mg I. 

K -radiation 


bard a target of tlio material to be examined enclosed in a vacuum 
chamber. At critical potentials soft X-rays generated by the 
F, V7 
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bonibarclinent cause photo-electric omission from n inotiil pliito 
enclosed in tlic same chamber, siutl this c.an bo (lot(U‘,t(!(l by an 
electromotor. A number of auxiliary plates are used to (ilinunute 
secondary effects due to the rosiduul gas in the cluunlxjr. 

Exijoriments of this type however reveal a largo number of 
critical potentials. Thus Fe, Co, Ni, On each show.s as many as 
dS critical potentials, and similar results are shown by many 
other elenrents. Their significance in many (jases is not ebiur. 
A fullaccountof these works will bo found in Liudh’s IT. d KxpL 
pliyi^iky 24/2, p. 364—391, or reference may be niad(! to original 
papers.* 

299. Critical Potential of Moleculesf—Introduction. -As 

far as the problem of electronic impacts with atoms or mona toinu! 
molecules is concerned, the methods of investigation dcmcu'ilxid abovo 
are quite satisfactoiy. But as soon as w<! eome to tlio ehuitronic, 
impacts with polyatomic (including diatomic) mohicnbss, tlio Avhnio 
Iffoblcin becomes complicated and the methods desoribesd above are 
found to be entirely inadequate for ilio purpose, 'riie luaiu point of 
difference between the two problems is that in tho (iast! of atoms, tlu! 
inelastic collision results in the excitation of the at«nn to one of 
tho higher energy levels or in its ionisation ; whereas in the ensn 
of a polyatomic moloculo, this may oitlier bo ionised without 
dissociation or may bo dissociated in a variety of ways. lAir 
example in the case of iodine, at toast tl\e three Following cinuiges 
occur;— 

(1) I 2 It+c 

(2) la -> 1+ H-IH-c 

(3) Ia+c-»' I- -l-I. 

Therefore in the case of molecules the indication of the nature 
of the ions produced is as important as tho measurement of the 
energy necessary for an inelastic inii^act. 


HO, 60, I02R; 


* Tho following papers may bo consulted : 

Eiohardson and Chalklin, rroe. Hoy, Soo. A, 

110, 247, 1926. 

Compton and Thomas, Phys, itev., 28, COl, 1926. 

Tlanier and Singli, Phys. Itev., 29, 608, 1927. 

Kurth, Phys. Rev., 18, 461, 1921 
Thomas, Phy.-i. Rev., 26, 322, 1926. 

t A very excellent aceonnt of this subject has boon given bv IT 1) 
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The nattire of fuscous ions has been extensively studied 
by the jnethods of ixj.si.tLvC'-riiy ainilysis as develop(3d by 
Thomson, Wien and D(3ini}stei\ Ihit tlio early results wiv. mostly 
useless fi'oni the point of vunv of molecular critical potentials, 
because tluj production of ions was not a controlled procosst Sonui 
work done by d'liomsoir*’ and l)einp«torf with ll y inolecules is liow*- 
ever worthy of note',, d'homson found that in a hydro^Hjn diH(diar^^<! 
1:1 11 , 2 *** and II’*' ions arc :l:orined. Dompstcr usiiii^ a tluirmo- 

ionic S()iirc(i of ohictrons studied tlie edcct of pressure on tluj 
rolativ(3 pi’<>l>^>i^'don of those ions kce]>iii^ the accelerating' voltaji^o 
constant. Ho found that at low pressures the proiiortion of 
propond{3rut(?s, while at eomiiaratively hif>kor pressnr(3s, all the 
throe are almost {3(piul in proiiortion. bk^ini this ho concluded that 
the ])rimary result of the electronic collision is to ionise the hydro¬ 
gen nioleeu](3 without dissociating it, /.r?., to ])rodnce HV^ ions. 
The disso( 3 iati.()n of the gas and the conse((uent iH’odnctiou of 
IH* and th(3 (complex is th(3 result of the collisions of ioiin 
with 11(311 tval gas molecules. 


300, Modern Experimental Arrangements.—All modern 
investigations on the subj<3ct have I)e(?n underhikeu with the 
ubj(3ct of studying the circets of collisions of electrons with gas 
inolecules us a :Puncti()n of the energy of tlic impinging electrons, 
more specially to lind the energy reexuired by an eloetrou to pro¬ 
duce, single, double or multiple ionisation or to cause ionisation 
of varying degree to bo accompanied by dissociation, '^riicrofore 
all the oxporinu3ntal arningoments arc esBOutially combination of 
an electronic source of controllable velocity and an ion-jinalyaer. 
In any good apparatus, the following requirements have to bo 
met as far as possible : 

(i) A source of electrons whose energy can be eontrollod. 

{ii) Great inton.sity, .so that 'the apiiaratus may imni(3diatcly 
detect an inelastic collision. 

(ui) No collision in the analyser, so that the primary result 
of the impact may not be complicated by spurious effects. 


J, J. Thomson, Rays of Positive Mcclricily, p. IIG, 1918. 



CRITICAL POTWNTIAI^S OP ELEMENTS 


m 


I Xill 


(w) High rosolviiig power, so that even tlio loiis wlioscj n/m arc 
only slightly different N'^, .N.IIa'^h NHsi*^' may be 

disting 111 shed, 

(?;) No thermal dissociation on tlie filament 
The problem of attaining these requisites can be best stiite<l by 
quoting tlio words of Smyth, ^‘The difUenlties involved in satisfying 
the requirement (?0 are the same as those arise in ordinary ionisa¬ 
tion potential oxporimeuts. They are best met by calibrating tlio 
apparatus with a gas whose ionisation potential is known, Tim is 
not |)articnlarly diftieult though always subject to criticisin. It is 
the last four requiroinents that are mutually conllicjting, 'rims to 
get great intensity of ionisation, there must bo many collisions, ic,^ 
high gas density in the ionisation chamber, and large slits in the 
mass spectograph. But these conditions endanger re([uir(imenls 
(m) and {iv)* Or if wo try to increase th(‘ number of (ilectrons by 
using a powerful electron source, wo liaA’^e to use a large hot 
filament endangering requirement {v) (Smyth). 

\Vc sliall now describe some 
of tlui methods developed 
by utilising these principles, 
SmyUt's Apparalm.-- 
Since the requiromonis 
(n) and {Hi) doinaud that 
pressure in tlie collision 
Sjaioo sliould be Idglun'' than 
the pressure in the analys¬ 
ing space, Bniytli^' utilised 
tlio method of dilferenliul 
pumpimu (origiimlly deve¬ 
loped by 'riioinson for his 
positive ray analysis) in his 
apparatus for main tuining 
this (linerence of pressure, 
'Jdio apparatus is illustrated 
ill ]fig, 17 and described 
on p, ()13. 



* II, D. Smyfch,/Voc, 7?o?y. A, 103,883, 1922; 104, 121, 1023, 
and later papers, • 
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F ,.. Soureo of oloctrons, 

11. . . Grid* A vaviahh^ polx'ntiiil (lidoronco Vi [h a}>i)li( 3 (l boUvoon 
F uiul .U Lo a< fedora to the (iloctroiis with tho prop or on orgy, 

J ... A g’hi^B cylindor ono ond of whioh is olosod with a niotnl pliito 
provbbul witli a silt. Tho space hotwocii R and J is the (?ollision space. 
V 2 is a small ujvorso potential to draw tlio positive ions from R to J. 

(/. .. Uolli mating spatjo provided with two slits which arcj col linear 
with tho first slit. It is inadij of soft iron sides so that tlio space inside is 
free from (external magnetic iiekl, 

F 3 , . . A large potojitial applied boLwoen J and A. It acccloratos 
positive ions from J into tho space G. 

The positivo ions are eollinuvtcd by the system of slits and tlicy 
enter the mass spectrograph M! witli high velocity, T'ho magnetic 
lield i>s at right angle to the piano of tho paper. The paths arc 
now circles and the particles after describing tho full scmi-circlc 
(niter tliroiigh a slit into tho Faraday cyliiuhn’ P, ’’J?hc cuiTcut is 
inoasiired by an ohu^tvomotor. 

^rh(m<j ar(i two liigli vacimin pumps, one working 011 the space 
between A iuid t), and tlu^ other on tho space M, Gas is coutiniionsly 
allowed to How into the space li J, So tho pressure at J is kept pretty 
liigh, Put sinc (5 the spaces R J and M arc separated by a line 
orilice, tlu'. vaeaunn at M continues to remain fairly liigh. The ratio 
between tlui prossurcis in M and R J may bo varied from 1: J,0 to 
1 : 1000 , 

WJion any gas has to bo inv(istigated it is allowed to (low 
steadily into the collision space R J, THic lirst step now is to determim^ 
the nature of tlic ions formed. Vov this purpose the electron spcjed 
and tlui- pressure are kc^it fixed, say, at BO volts and ’05 mm. rospeC'' 
tively. (These values are chosen after some prernmnary exporimout.) 
Fg is varied in steps and a curve is plotted with electvoineter current 
agaiimt the aeeidcrating field, 'ifor a given value of tho latter, 
the cjine of tho ion entering 1? is given by 

wlujre V tli(5 t(dal aceidcrating pot<mtial, and II = magnetic 
field, Iflg. 18 roprciscnts siieli a curve for liydvogcn and it clearly 
shows that H+, Ht, ions have been ])roduecd. The areas 
contained by the dilFcrent peaks give the relative number or 
intensities of the different kinds of ions (neglecting for tlic present 
the I:I |X i nt -1 peaks). 
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Tile next step is to (listing'llisli between tlu^ prinmry ions ions 
produced directly as a result oi' c4eetroiiic iinpu(it) and tlie siiiiondiiry 
ions (produced as a result o:f some secondary collision, probably of 
the ft’as molecule with tlie primary ion), Ji^'or this a series oE (‘xperi- 



IB, Kliouiiip: (liu ri'lllcn] [jOlrUliulH of 


ments arc i)Gri:orjnccl at various ])rcssuros unci a cul•v(^ is plotted with 
pressure as the abscissa and the relative intensituns of dillbrcmt ions 
as ordinates, Ifig. 18a shows tliut the proportion of lit 



Pressure 

KIg, IS rt* Tlio inU-nsllj^prcKHiiri} oin've foi' tllft'orcut lonH. 


tlccreases Tvitli increase of pressure, while that of H+ mid Ilj 
itiereasea. This suggests that Hj is the primary product. TJio 
conclusion is further confii’med the fact that the curves for 
both H"*" and when exti’apolatcd pass tlirough the origin. 
These ions are therefore evidently produced entirely by secondary 
effects. 
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Klfifi If), Tlji* liiti!UHlly-voUftK<' tuirvi-H for 
H'j'K H:**h irf* ions, 


Tn [\inl tlvo potoiitiiil iit whicli tlio ioas iippcjir, tlio intonsitios of 
fill [hvi fcyi)()s of ioiLs jim plotted tlio voltaj^c Vi ucccloratiu^^ tlio 

olocii’otiB. 'riio prossuro i>s 
Icopt (ixtul but rcMisonably 
InjvhjOtlfonviso the socojuliiry 
ioiiHiiiiiy not form iit ull. The 
voUn^ 2 ;ft at AvliKili tlic cuvvo 
(cxtnipolatful if nocf^sBui’y) 
for imy ion out9 the axis 
of Vi tluj apufuirniico- 

l)otential for that ion, In 
the cafso of hy(hx)g’cn all tlio 
throo (Mirvos cut tluj axis at 
tlio Hanio point, iiuliciitin^ 
tliat tlu^y fire tho rc^sult of 
the 9!imo primary proo( 5 S 9 , 

'Lfh^ tho production of 11^ ions. 

Tho i)oakHllt-i and liavc boon oxpiainod by Smyth, 

who is tlio pioufjor worker in tlus (ifild, as due to tlu^ ions which exist 
as Tit or nf in the collision spueo but bnailc up ,subs(H[uontIy 
into lT;*'-ions, 

Smytlds apparatus has underf^one several niodidcations* at tlie 
luinds of later workf^rs, Smyth, .I:Iof 2 ;ness and Tamn, Kallmann, 
Bloakii(',y and otlier.s to suit their special purposes. 

Secondary alfools ,—Froni the above discussion of Smytids work 
on hydrop:on wo eoneliido Unit H^is the primary result of the 
(d(H)trt)n impact with the liydro^^en molecule, but tlioro is every 
])OSHibiUty that the H'''-ion may directly bo i)r()dueed at higher 
potesntiais and some I “ions may be the result of secondary 
clfeets, Tt is evuhmt that Binytlds apparatus i,s unsuitable for detect¬ 
ing]: these cdccts. 

Tlio coiliHion of tho second kind also plays an important part in 
sficomluvy eflxKjts. Ifarnwcllf working with a mixture of He and Ne 
in equal proportions found that the ratio of intensities of two ions, 


'J'he following: papers may ho consnltod 

Hogness and Luiin, Phyft, ^6, <U-, 191^5. 

Bmylih and Htne(!kolh(n*g, Phya, to., 36, 478,1930, 

Smytli, Jonr, Drmik £mL, 198, 705, 1984; Pfti/ft. to,, 26, 452, 1925, 
'i‘ llarnwell, Fhys, Hev,, 29, G83, 1987, 
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i.e., He'^/Ne'*' decreases with iiicreiise of ])rcHsnrc. This iivdiciit<!H a 
collision of the folloAving type : 

He'-+Ne = Ho-l-Ne+ 

whereby the neurtal atom with lower ionisation pcttential is ionised 
by an ion of higher ionisation potential, and the latter itself is con¬ 
verted into a neuti'al molecule. 

In general, therefore, following ty])os of collisions will occur; 
A+-I-B «= Ad-B+ 

where > -lu • It has boon further found by the same worker that 
the pi’obability of .such collisions resulting in an ehustron ti'ansfer is 
inversely proportional to - 7i,. Such collisions have an important 
bearing on the problem of distinguishing b((tw(!en primary and scuioud- 
ary ions by the effect of variation of pressure. Suppose ohictron impact 
with a gas molecule AB reanlcs in tlu! production of two primary 
ions A+ and B'*'. 'J'ho following colH.sions are then likely to occur: 
AM-AB-V 7 VB+-I-A 
and B'-+7VB-»-AB+-|-B. 

And if the probability of the hast reaction is greatcu’ l.han the second, 
it is evident that an increase of imessure would t(md to inerciaso the 
ratio of the intensities B+Z^V't and it would app(!a.r that B+ is a 
secondary ion. ilmong other secondary effects affecting the relative 
intensities of the ions produced may be mentiomid the angular 
scattering of the ions in the analysing spacio and the spae.c! chai-ge 
effect in the collision space. But these two factors aro iistiidly too 
small to be of any pmctical importance. 

301, Bleakney a Apparatus. —differential puinj)ing 
method of Smyth described above sullcrs from one gr(iut drawbael:, 
namely, the gas prcssiu’e in the eolHsion space being v(iry high, 
secondary collision phenomena take ]»hieo very readily, and tliey may 
actually mask some of the less iwominont primary ellccts. Bhinkiu-y* 
devised an apijaratns in which a low uniform pn'ssure was main¬ 
tained throiigliont the apparatus (both in the, cnlli.si()n space and in 
tlie analysing chamber), and the disturbing effects due. to secondary 
collision were completely overcome. (Dho ])resHnre is so low thnt 
the m. f, path of the ions is greater than the dimension of tin* analy- 
sor, hence no collision tako.s place in the nnalyscr spa<!(!. 'riie 


*Bleakncy, Phys. Pcv., 34, 157, 1929; 36,1180, 19ii0. 
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iinalyaoi’ usdd is also of a iliir<!r(!ufc typo. .I>l(Mi1ciK!y’s apparatus is 
doacrilnul in i^()(«.) (sido viisw) and 2()(/y) ((nul-vi*^). 



(«) ' (»•) 
20. Itlt'akiiny'a n|HnivntnB i (a) «ldcHviPw» (b) i!ij((-vlow. 


ICh^ctroDH from a Konr(3(5 V uro ac{jel(3rut()(l by moans of a poton- 
tial Vi throu^li a lon^' slit 8 into tlio collision chaiubcr AB. A long 
solenoid (‘iicirclcs th(i whole apparatus, and the magnetic liokl duo to 
it keeps the electrons in A B conHued to a narrow liiuj from S to P. 
By nmans of a second accelerating i)oteiitial V^i positive ions formed 
111 A B are drawn *Cln'ongli slits in B into the analysing chamber 0. 
llero duty ])aHS between two condenser ])hites C\ \) {vida Fig, 2{)h) 
and ar(5 snbjeitted to the joint action of an ehuitric field K and a 
inagneti(3 field //, tins respective (lis])lacein<juts due to which balance 
each other. For one set of values of Kg, IS and //, the ions that 
can reach the plate K ar(3 c^haraciterizc^d by having 


m/r. - VJP/K^a^ 

where V — tlic foiction of Kg o(rectiv(i in accchivating tlie ions, and 
the current due to this ion is noted as usual. 

The great nu^rit of the inetliod is that the gas pressure being 
very low, th (3 probability of secondary collisions is almost iibs(5nt. 
Blealcney noted that tlio formation of Hg**‘ from iioutral Ha 
begins at 15*4 volts, '.riiis value, however, dilVers .slightly from Sniytli^s 
value of 15*9 volts. He observed a second lionisation occurring 
at 18*0 volts, ^i^his corresponded to tlie formation of the H'^don by 
lirimary collision of electrons with Ha'inolecules. His mostimportaiit 
resultant in this connection was tho' observation of fast H*^ dons 
appearing at 26dbl volts. No indication of this was obtained in 
earlier methods as it was evidently masked by secondary collisions. 
The peak in the potential curve corresponding to tlie formation of 
F. 78 




CRITICAL POTENTIALS OF ELFMPINTS 


618 


I xni 


tliesG ions is, however, very diffuse, but tluiy 1 iu\m! Ixhmi c.oidinni^d 
by the careful investigations of Lozier/'' 

The long slits necessitates the use of long s()lenoi<ls and tliis ra(‘.i: 
puts, however, a limitation to Blcnkncy’s method. h'lirthei', tlu^ 
collision frcQuoncy being very .small tiio iiibmsity of tlui ions is not 
sufiRcieiit and the resolving power of tln^ anaiyser is low. In I he 
case of Ii 2 the following primary proeossc^s w(uh! oI)S(n‘v<'(l. 


Table L—CnPiml Poteidiah of 


Gas 

Ions 

i\,ppoaranco 

Potential 

Pi’ohahh? Pi'ociJHs 


lit 

16*9 volts 


H 2 

H+ 

18*0 

Ms (disMiieinliieii 


11+ (fast) 

2(>*0 

Ha-,-lM-.f ii.|. K. h). 


H+ (fast) 

<16 

lF2->ni'+ll K|.K. 


Theoretical intorprctation of tlui r<!aull;,s (ihtaiiicd liy .SmylJi, 
Blealmey and others are not mminbiKimiiH in all c-iim.'h, and have’ 
been found to bo accomijanicd with the (!.v('itnti(.i) of dilVorc'iit 
states of rotations and vibrations of the iiiolecuhi, as wcill as (lu-ir 
clectromc excitation. This can bo talctiii up endy after the student is 
acquainted ivith the interpi’ctiition of Muleculur ISiKHitra. In a few 
cases the results can however be easily interpreted, 'rims, tlie prueess 
corresponding to IS'O volts most probably i.uli<.,at.,s the ilissoeiatien 

0 3-molecule into H-atoins, and icniisation of an 1 1 -aloiii, 'Dii! 

leat of dissociation of Ha is 4'5 volts and the 1. ]>. of the 11-a.lom is 

13-5 volts which together amount to 18'0 volts. Similarly, the eritleal 

potenUal corresponding to IS’l) volts agrees with the theoretieal 
msation potential of Ha caloulatedf from the gremid slate of 

I3 Ha 0^ NO, 11,,0, 

f , IICl CII, and other gimes. Wo shall dLseuss these resulls’ i, 
the chapter on Molecular Sjiectra. 

^ ....- 

bozier, Phys.Fcv., 36 , 128 .^ 1930 , 

«l«oLokS lif-’'. k™ 
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111 tlicHC tlu; porcc^ntag’o of total (^lUToiit contribiilxjcl by each 
of the tliree Icincls of ions is plotted nj^’ainst diflercJit electron 
V(^lociti(*s. 'riie np[)erniost curve corresponds to lit tlic-ionSj 



iU (!iirvi>K (bo iX’obiibllKy nf dllVovont modoH of loniHriKoi) of in. 

nuddh^ (nirv(5 to fast ]i‘*-ions with ordinates ten times magnified, and 
the lowest (mrv(^ to H'^'-ions also having tluj ordinates tnultii)lied 
by 10. i''he probability of si’condary i)rocesses of ionisation in 
Sinyth^s nuithod lias, however, been found to be much greatoj* com¬ 
pared to tliat of tlu? formation of li*** and (fast) by primary 
collisions inontionod above. 

302. Einstein’s A and B Coefficients^—In section KtS, wo 
bviedy indicated that ICinstein introdnciul a factor whicli deter¬ 
mines the probability that an atom which has been cxiuted to a love] 
denoted by the symbol n can spontaneously i)ass to a lowcn* levid 
denoted by m, thereby giving rise to the radiation 

* * .(f) 

wliere .7?^^ and donoti^ energies in the higlior and lower 
levels, ^rhe facitor determines the intensity of the line. If 
we hav(i N^i excited atoms at any time tlui amount of energy radia¬ 
ted per sijcojul by the atoms is given by 

I^Gt us now considci’ tlio inverse proeess, that is, excitation of an 
atom from tlu5 lower state m to the upper state n by absorption of 
radiation b'or this ])nr])ose wo assume that the atoms 

arc placed in a field of radiation in which the energy density corres¬ 
ponding to the radiation of frequency v,„„ is denoted by 0„,„. It 
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m 


is clciir that all the radiation cjiianta c)t (Muu’^ywhiclrfa^ on 
tho Nffi atoms cannot bo absorlxuL Tliorc is a donnito ])n)l)ability 
factor. Lot this bo denoted by Thou the total abH{>rption of 

tho energy of fre(iuency is given by tho (jx[)rossion 


Einstein sliowcd that it is possibhi to lijid out a relation botwoou 
the A and li cocDicioiits by considering tho e(iuilibriiim of mcliatioji 
in’ a blackbody clmmber of teinporature T in which (jxclningo of 
energy takes place due to emission and absorption of radiation by 
the atoms. In tlm equilibrium state we must huvo tlui emitted 
energy eciual to the absorbed energy. Wo luive, thertffore, 

^mn ™ ^n/ ^ 


According to the law of distribution of (iuei'gy 

N„ N„, i^KV. [ j 

where and (/^i an^ tlio weight fiKitoivs (equal to a/'f I) of the .states 
m and n respectively. 'I'hereforo, 


IJn. 


Anm (hi 




■' 0X1). ( “ 


. f . 


)■ 


m 


Comparing this expression with Wioids displaccnumt law we luwe 

1%‘ther it follows//v, since the A^h and y/'s do not 
depend on tho teinperatnro. 'I'liis is exactly tlie freqmme.y eomUl-ion 
assumed by .Bohr in his tlieory of hydrogen specdruin, vlx*f the 
diirerenco of energy hi the two states is emitted as radiation, and is 
pro])ortionul to the frccpioney of the radiation, 

lint this cx])rGSsion load.s to Wicids distribution law. Him^c? in 
oc|uilibrinm, the radiation density is found experimentally to obey 
Plniick\s law, wo must have neglected in the above treatimmt f)f 
cnergy-'bahuiee an additional process of compensation. Einstein (rnm^s 
tills in tlio indiicnce of the radiation of frequency mxcited 

atoms . Tie postulates that an ex(u‘ted atom may bo stimulated to 
emission under the infhienee of radiation, and this may be put equal to 
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whcii'c in th« probability factor of stimulated emission. 


In 

place of (2) wo have now 



N A 

1 i^nm ^hnn ' l^nn 


lienee 

(fi)in 

A^n 





^71 





On 

. . (4) 



Unt 

m ^>7H7i i/n ^hifU 

Now 

lUu 

when T ^ therefore, f/,,^ 

Un 

and we 

get 

U,nn = 

■^Uim 1 



Oil comimviiifi this c-xiircssimi with Planck’s Law (enn. G, ji, 185) we get 

__ Sjc/isv** 

^nm 




"riiough ill t)luB treatment llin exialence of siimidcUcd emission 
or nvifulive ahsorpUon Iuib boon proved on tlic iissuinptiou of 
IHiinck^B Xiii\v> tlio arj^umont may be revor.sed, /.e., by assuming the 
oxistonco of stinuilatod omission, we can deduce .Plaiick^s Law* 

^.riio ideas introduced by Einstein in the previous treatment 
have been the starting ])oint of many fruitful investigations in 
pliysicul science, and we bIkiII tliereforc add some oxperiinciital 
jiroofs in support of these ideas. 


303, Life of the Atom in the Excited State,—In the first 
place, we assumed tliat an excited atom left to itself will emit 
rudiatiuu and. return to the normal state, Let be the number 
of excited atoms to start with, Ijot be the number of atoms 
wlu(‘h return to the normal state in time dL Then we have 

dN^i^ ^ a 11 

or i^n ^ 

InU'grating, we have 

jY„ =« .(5) 

■Nvlurre the number of atoms which would have iicro energy 

having unit ((imntuin weight, l^he process is exaetJy analogous to a 
radioactive decay, and we can speak of the average life of an excited 
atom in the same sense as in. radioactivity. When there are only 
two states, the average life of the atom in the excited state is given by 

T = ifAnm 
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Wicu liiis dctcrinined tho lifc of oxoitcd iitmiis oxiH'i'lnuiiilnll.v. 
Jieforc procoeding to a disciiHsion of hin (!X|)(!riiin!jits avo hIuiH ti'V 
to give an idea of tlio value of the lif(! fi'oin classioal (!le(!ti’odyMaiiii<‘M. 

lb is only very recently that the newer (hfvdoiniKails in 
Quantum Mechanics have enabh'd us to calculate t. 'I his <‘anii(>L 
be taken here, but we shall give the valiu! of T loi’ the Planck (li|toJc, 
iiccording to classical eicctrodynaniics tho uiod<!l resonator is im 
electrical dipole as inontioned on p, 1811. 'Idie rate at Avlihdi energy’'^ 
is radiated by the dipole having the total energy coiitcait A’is given 1>>' 

_d/4’_8jt*v“ c-., 

di .■ Di 

from Avhich it folh)ws that /t'•■■=■'/t’, c'”'*''', whore y - 

Oi‘ 'ill 

Comparing (5«) with (5), wc linv('. 





in’" " S(,‘(!Oll(ls 


(1*0 


WjKN^H ICM»K1MiMICN'I\ 

AVieiif made a dirooUlofc(5rniiimtion of (Jio Jiifuiti liln (»!' I Ig-al.oom 
by incaus of the apparatus slunvn in 1^'ig. 22 * It is a posilivu ray I.uIh* 
ill whicli tins aiunhi is situated l)(?yoiid uihI 
j I K is the porlxmited <^iith(>d<? throiigli wliioli 

positive ions may pass lulu tin* rlniinlHU* lb 
Tliese nr(3 gas nioleonl<?s nr ulonis whic.li Inivt^ 
lost an oloctroii (uieh in tin? spaci? H, l)Ut (*a.t(?li ono 
Avhile ])assing into .11 in smjn? liiglior stab* td' c'X- 
citatioiu On aeeount oF tin? voltage nppli<‘«l 
across the tube, the ions aiHf en(Iow(?d with liigli 
velocity which persists (?V(*n when ttn*y eiit<?r 
E as ex(Ut(‘d atoms. .Hut hciH? ns tlu^y i>asH (.o 
lower states^ a streak of light is prndmted will) 
increasing faiiitness at tlu? jow<u’ (?nds« 'Pln'Mi? 
wioji’H ftjjpnrfliiis. streaks of light cati bo spec tropbo tog rap hod. 
On taking nucro])hotograni of tiu? spectral lines aloi ig their 
length, it is found tluit tho intensity of the strcnlc of liglit I'uIIh oil’ 
according to oxi)Oncntiid law 

i =■ lo e-T® 

* 8o(! Pmili's Quunlen themin in II d. J‘hm., 23, oO, 
t W. Wien, Alin, d. Phi/f>., 73, iS.'l, 1024. 
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TC tbo ioiiH ti’avollocl for I see. l)otwfton two points on tlio 

sixHiirnin s(?pjirat(Hl by u distnin^o wo 1iav(i tlion x vt Itoiioo 

i- ./o rry^^ 

By nnalo^ry with O(ination (5) this gives us the mean life t — l/yv, 
lie dodiUM’d troin such nxporiinents T = O'DSX IO”'’^ sees. This result 
liowover cannot b(j takcni to bo very accurate, for it is micertaiu at 
which monumt a particular process of excitation began and Avhen 
it ended, l^hirthor, abnormally long life of atoms excited to inobi- 
stable lev(?ls may considerably all’cct tlio moan life of ordinarily 
(excited atoms. 

Wields exjmriment thus gives us merely a ([ualltative tost of the 
life of atoms. Many <|nantitativo experiments liav(J since boon 
done to detinmuiH^ tlu! lib', acemrately. Wo give below an account of 
Olio of these experiments, 

Wmn AND MjosHnNciJiids TCxpEuiArnN^r 

Webb and Messongev'^ employed an indirect method for the 
determination of tlie mean life of ‘'^Pi-Hg-atoms. These atoms 
wore excited by tlie electron bombardment metliod to the state 
and then the porsistonec of the radiation was measured after 
excitation was stopped. J?or large vapour pressures of mercury 
in the excitation chamber tlio persistence was found to bo large 
on account of dilfusion of radiation by repeated absorption and 
rcinissiont, lint at a very small concentration the persistence 
approached a limiting value of about 10' sec, which is the mean 
life of the excitation process, 

Their apparatus is shown in Pig. 23 and described below. 

F.an oxide coated hot cathode. 

Gr, 11 , . two grids of nickel gauze, 

F.photoelectric plate connected to a Compton electro¬ 

meter E, 

Q.Ciuartz window which separates the excitation 

and detecting systems, permitting only radiation to pass 
and preventing motastable Hg-atoms from reaching P. 

S.shielding electrode, 

* H. W, Webb and H. A. Mossengor, Pirns. Rev., 33, 319, 1929, 

'[ A (letailed theory for this has been worked out by E. Milne, Joimi. 
London Math. Soc.^ No, I, 1926. Webb and Mossoagor’s results however 
do not agree with Milne’s law of variation of't with pressure. 




T.,.. tube enclosing the whole system. One eiul of I is ji liUl(f tiijMH 
red so tlnit liquid mercury niiiy collect in it. It is (‘nc-los(‘(| by 

ii wuten* bnth wliieli 
cun b(^ k(q)t ut uny 
stimdy t(^ni]mni(:.nn‘s 
I)etw<Mm MO" in 
-20" (-. Ily lu‘uUiig 
*] tlie cJniinber to 
j dilleiumt t<snj)(U’u- 

! tiir(‘s, (1 i ir(‘ r (Ml t 

I 

; vupoiti* |)r(‘SHiin‘s 

I of intu’miry cuii Ix^ 

I ,ol)tiun<‘d, 

I M , ,.. tli(^ piuiil 

i wlun’o u dinhsioii 

• 

I pum]) is utbu^Jied. 

' ](; o]mtoI:(5s coih 

K1R.2S. i,in,„„isly lUul piv- 

voiits iiccmnulatioii of vapour in ony part. 

Electi’ons from F aro acnolorattid by an a.il;<u’imtin(j[ vollan'c 

acting between G and F. ICInctrieal connections arc .so aiTaiig(>d 
that Hg-atoms are excited by electron bonibui’<lm(mt only dinung 
the positive half of the cycle. Radiation omitted I'roiii {!.\(!it(Hl atoms 
ejects photo-electrons fi’om P, hotweon wiiicli and II. an uhenmtiiig 
voltage of the same frequency and phase is applied as hotwism G and 
F. By this arrangemonta positive ijhotoelcetric cumtiit is iiiiido to 
exist during the positive half cyclo of o.m.f., hut ther(( is no (uirrent 
to or from the plate during the negative! half eyc.lo. By applying n 
suitable voltage between Fund G ((i volts) and regulating tlm vapour 
pressure of mercury, it is ensured that only A,25;.i7 is eniitl(Hl. 

For very low frequencies {bolow (iO cycles per .second (lulled 
the “zero frequency") emission o£ radiation is ijracticnlly c.oinplete 
during positive half cycle in which a maximum iihotoclectric 
current exists. But as tlio froeinciujy is gradindly inereiiHcd, on 
account of the per.s{stenco of the excited state in tlic iiogutivo cycle, 
more and more photoolcctrons arc ejected from .11 and travel to V 
dining tile negative cycle. This reduces the electrometer ciOTent by 
some extent. But at very high fre(|uency {infiniic. frrqKrimj) the 
current approaches a limiting value which is nearly half of the 
ciiiTcut fit zero frequency (.see Fig. 24), 
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Tlio frequonoy oJ: tlui A. (X voltago is vari(i(l bc^twoeii 60 
cyclos pta- second to about 10'^ cycles p( 3 r see, (radio fi*0(iuoncy), 
TIig source of A. 0. voltay;c s\ip[)ly^^ was a valve oscillator circuit 
with suitable coiuhuisorB atid iiuliuitatKa^H. 

To calculates X from tlu^so data, an Iijfmiiifmey curve is 
drawn in whicli the fre^epuuK^y v oE the applieid volta^^e is plotted us 
abscissm and It tlic ratio of the cniTcmt at any fretiiuuicy to that at 
zero frequency as ordi¬ 
nates. This (iurvo is shown 
in Fi^. 24, 

If, as is geiuu’ally tlui 
ease, the tinie-(3Xcitation 
process follows a sine curvt^ 
during the ])ositivc half 
cycle, and the photoel(5ctri(*- 
characteristic of the plate system is such that the curiuait changes 
from saturation value to zero as so<ni as the voltag(? is niversed, it 
can bo sliown {lor., oil) that 


N] 





'cmj) 

= -l 

5 5 (. 



X 
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(7) 


This formula is deduced on tlie supposition that the radiation decays 
according to the exponential law 

and V, represents the fKMjuency at which the current falls by half 

the difference between iho. currents at zero and infinite frociueueies. 
Generally the above simplifying conditions arc found apiiroximatety 
to hold good. So X can bo <‘nsily (jalculated from tlie /i/frcqiumcy 
curve. In cases where thes(i condiUons arc not .satisfuid, calculation 
of t can be uiadc from the forms of the tinio-(iXCLtation (Uirvc, 
voltagc-cnrrent curve and working out the area. enloHod by the 
Ji/frequciicy curve by iukigration, Ji'or d(3tails the original paper 
should be consulted. X is calculated for different coneentrations of 
niorcury atoms obtained by varying the temperature over a wide 
range, and a graph is plotted with Ijx as ordiiiatOH and eoucon tration 
as abscissro. This is shown in Fig, 25. At very low concentration 
the phenomenon of repeated absorption and remission of radiation 
by Hg-atoms is practically absent, and x gives tlie mean life 

* Webb, Phys, ?,3, 311, 1924. 

If. 79 
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corresponding to a siiig’lc process of cxcij;u()u>ii and cinissioin A 
value oft—10“sec. ms obtained for tlie moan lilx? of ’’Pi-.slair 
of mercury atom. 

—ur -|-1—T—I— r —I—I Mi V(>ry 

's ii(ui(',ss(iry ll()^V“ 

-p 8--- 

- ''Vs till' ‘S„ • ■ i'I>, 


-1 

1 

I 

.. 1 



< 


{Number of atoms por 0 ,a.) xl{)-11 IH> u(tll\r I'ildiii'* 

1%. 35. Ciirvi! Jlliistrnlliii; tlu^ ruintion >li<(w<wii conciiulriilloii UlUl sllOllltl lin 

«miiir. ortho tliirinj, 

the proce.‘)s. This coiiditioti is ovuloiitly .siitisliod, hettmise (.he l•lltlit|. 
tions which may folhnv due to fiii'tlusr e.'ccitatioii el’ '' |i',“.s(ii(.e un* 

^2655 2*Pi-4^:D8 and A'llWS 2''i*, 

Tlie mean lives of thc.se two nidiations are (u-idenlly niiieli 
smaller. The presence of such atoms with widt-ly <li(lert-n(, livtw 
would make the iil/frerpieiicy curve vtuy irreji'iiliir. Ihit (his is 
not found to be actually the case. Further it is I'tiuiul that /I’thie.s 
not change much with change of tho peak vahus of iJie volluge 
between 6 to 2 .5 volts. This supports the alutve vittw. 

Recently Garrett* repeated Webb and Me.sHeugm''M e.vpt.ri.. 
ment with greater precision and obtained t'<.I'()8X 10'r,„, 
2''Pi-state, and t-2'<)X10-i« .sec. for 'JM^-state tiC ||.r' Vl.e 
curves in Pigs. 24 and 25 are duo to Garrett. 

304. Measurement of Life of Metastablo Atoms, The life 
of metastablo atoms is of a dillnrent order <,f magni(,„de (hau (Iml 

willTe ? n?" '"■•■o'Utcn.ent.s. I t 

metastahr^^^ *^*"^*^ of Neon are 

Ayrr„wo T""' .... 

Ay^.oi OhO). Mois.snor, Dorgelr. ami Gridluiiderf foinul 
.entail, ... ' " I 

W™ ? »' iv ».n. W,. ,l,.-,.,.||, 

-1- Ph?/s, 40, 771) ID-V^ 
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K . , . , Boiirctt oJ; stoatly light excitod byji D. G. gonoi’ator. 

.loiisos :f 01’CO juloiiHing tlio light luul roil dor- 

ing tlio boaiii pnriilloL 

A » . ,, .Absorption tulx^ (jonblining noon which is cxcitod 
by joining tlio cicc- Neon Neon 

troclos B luid C to the i li Lj t> ^3 

HGcoiuhiry terminals k a ■- <' ^ |. 

of a high frequency ^ ^ 

OHCllhltor* 2 (J, MAliiyninn^H n|i])ni'nliiR, 




1) ..,. ilotating disc of bakclite having its run liiuicl 
witli C()p|)(U‘ for a length of (i cm. When this conujs into 
conbict with a brush placed Ixilow, a llusli is sent throiigb 
tlic neon tube A. Jfor the remaining part of tlui r(‘voluti()n the 
tube is cut olT from tlui S()ur<ic of excitation, One revolution tak(is 
nearly 'Qi s(h^ but the tinu! for wlihih the neon tube is excited is 
'002 8(50. 'riio disc I) contains a light-hole F which is placed at a 
variable distiuua) froju the contact ])ieco so that the light from JC 
after trav(5rsiug the absorption tul )0 can pass into the spoctroscoi)o 
8 only at a d(diuit(j interval aft(U’ tlie excitation is cut off. 

W.lion a dis(barg(i pas.scs through A, a nnnibor of N(? atoms arcj 
excited to the ’4:^2'“9tato. Wlum the excitation is cut off they persist 
for some tiin(5 and may be assunuKi to decay according to the 
exponential law ; 


./Y.= 


Now uncxcit(5d noon i.4 com])lotcly trans|)arcnfc to all light in 
tlio visibl(5 region, but when it is cx(dt(Hl to the ’‘Pg-stato it would hi\ 
able to absorb a niunb(ir of linos in tlui md of wlii(di the line X;()4()2 
(2p^ IJ.v lip M)!i) may bo utili.sed for (|uautitatLve jneasnre^T^ 

meats. If neon is not (ixcitecl, this line would pass through tlui tube in * 
full strength and be r(‘(a)rdcd on tluj photographic plat(5. If, howcivor, 
the gas is excited it will be considerably enfeebled ou a( 5 coiiu(; 
of absor[)tioii by the 'U.^ 3 -*uioms. 'riur aiuouiit of absoiption may bo 
tak(m to be proportiomil to tluj number of ’‘Pg-utoms present. If 
the light hole is very (dose to the eo])per contact pmee, tlio absorp¬ 
tion will be maximum, Ihit if it is placed at varying distances tlic 
absorption will be gradually enfeebled. A. curve may be drawn 
showing tlie logarithm of nI)Sorption against the time which has 
elapsed between the (vxcitntion of the Neon tube and the passage of 
light I G402 through the light ]iole into the spectroscope. If the 
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conditions were so simple as described, this Avontd bo a strniiflil. lion 
and from the slope X can be ealcuhitcd, but in luitiml priKitic.c n 
straight line is never obtained on account of the decay of the ((xeibKl 
atoms through collisions of the second kind and other factorH. h'or 
farther details regarding the measurement of ab.sorjitimi the nriginiil 
papers may be consulted. 


305. Thermal Excitation of Gases—Introduction.'.So long 

we have been considering cases in which the ionisation or (ixeitution 
of atoms and moleonles are bi’ought about either by iiKtaiiH of olcsetro- 
nic impacts or by the irnimct of light quanta. .Hub tlnn’c arc agents 
other than electronic impacts and light iini)actH wbi<!h can stiinniate 
atoms and molecules to dilFereut excited stat(!s nr even to .singh(, 
double, or higher stages of ionisation. One of tho.so agents Is liiait. 
The general effect of heat on matter may In; dos(!i‘ib(i<l as a gi'adnni 
loosening of its component parts. At the lowest tcnipcratiiro, all 


substances exist in tlic solid stjite; wlicn more beat i.s nthhsi, tliey 
pass to the liquid state {Fiiswn) ; at stilt higher t(nn]Hiratiir(-s 
the liquid becomes a vapour consisting of dis<*,ret(i inolec.iiles 
{Vriporkalion). When the vapour is further licatcsl, the molecules 
break up into component atoms. What Impinnm n(^\•.t wbon tlu! 

atoms are further heated ? We can snppo.se that tho atoms oollide 

so violently against each other that ehsetrons (at l(•^lst llio outer 
ones) are knocked off, and the atoms got ionisnl. 

The disruption of an electron by thernml (ixeitation is not 
however an abrupt process. Before tlio .stimulus reuche.s the 
stage of'ionisation, heat may be siillieiently grejifc to (•x((it(! tin! 
valence electron to second, third or higher lovcds of excitation. But 
these states being unstable, the electron will at oiimi fall Inndv to 
Its normal orbit, emitting as a coiiscquonco the various of 

opticid spectra characteristic of the atom. 'J:Iui.s the ioiiisution of 
an element duo to lieat is always preceded by the emission of 
ita spectral lines. If the gas consists of di- or p<)ly-a.toniic moleonles, 
the effeet of heat, m the first instance, is to can.se dissociation of 
the molecules; but preceding that, the molccuics will emit baud 
spec -a correspoiidmg to the vibration and rotational excitation of 

their component parts, or change in the electronic states of the 
molecules as a whole. 


tolm ,.l.o» B VC.7 hish, T,,to to ,|» 
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cuso of water. Tlin various sta^^os huidiiig* to the thermal ionisa- 
tioti of its ('oiuponont atoms ur(5 shown holow: 


Table 6, 



Blate 

Pro^^(^ss 

T(?niporatur(J 

1 . 

Hoi id k) U(|uid 

Fusion 


o”a 

2 . 

inqnid fio gjis 

Vn|>orisation 


lOO’O 

9. 

Mohi(!uleH (gns) Lo atoms 

liand (MiiisHini) 
llaO-v'iH-l-O 


3500'a 

I. 

Atoms exidtod 

J<]inission of arc 
linos of 0 


... 

0 , 

First ionisation 

0 4-^ 

0 + 

/B{,-stars \ 

[umo^Kj 

(i. 

13x(dkMt states oP ionised 
atoms. 

IDinission of si^ark 
linos 


... 

7. 

8(U!oihI ionisntion 

(yh QH-h - 1 - a 

0 ++ 

/O 5 -stars \ 


\\h) thus SCO that tlio lirst ionisation of the oxygon atom formed 
by th(» dissociation of H 2 () molocnlos takes place at a temperature 
of about i.nOOO'K, and second ionisation at as high a toni])cratare 
as H50()(rK, 8uch higli t(anpcratnrc>s are almost impossible to 
attain in the laboratory, tlie maximnm available being not 
greater than dOOOMC. Jfroin this it becomes evident tlmt the 
processcjs of thermal excitation are rather dillicult for laboratory 
study, but not qiiitc impossibhj. I'n fa(»,t before a clear theory of 
thermal ionisiitioji was given by the senior author of this book, A. S, 
King had demonstrat(Kl that by siniiily lujating an (dement in a liigli 
toinporuture furnace, the atoms can bo excited to liiininoscenco. He 
also found that groups of lines arc very sensitive to temperature- 
cxcitation. Some come out easily at low temperatures (class I), 
others come out only at very high temp(n’aturc.s (classes III and 
IV). The riglit materials for investigations on thermal excitations 
are however the stars, for in them the surface teinporatnro may 
reach to any vaUio as liigli as 10^"K. In fact even towards 
the end of the nineteenth century when nothing was known about 
the sti’Licture of the atom, Sir Norman Lockyer had concluded 
from his exten.sive studies of the spectra of the stars that elements 
exist in them in diil’cront and more primitive form than those 
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existing in our laboratories. He eUiboruted a liypoi.lH^sis of |>n»to- 
atoms and evolution of elements. But as tin? stmior Jiu0u>v lijul 
shown his results can be best explained by tluj ]lyp()tl](^s]H (ball in 
stars atoms are excited to higher states mid ionised to sn(*(u\ssivn 
degrees by thermal excitation. 


306. Thermal Ionisation as a Case of Reversible Che¬ 
mical Reaction.—We shall now con-sklcsr tlio proeo.ss (if (Ji(!riiiii.l 
iouisatlou a little more closely. Let n.s suppose that 1.1m (ili'ec.t of 
heat on an atom of Ca is to knock o(f one electron and ionise it. h'or 
.simplifying the situation, wo shall neghset (i.-ccited .stnkfs of tin? 
unionised atom. Then wo can rciu’cscnt the process of ioiiisalifni hy 
thc chemical symbols: 

Ca Ca'*' + c. 

The process may be likened to a rever.sible elminicml roii<ition, just 
like the dissociation of Nil., Cl into N.H„ and I lCf. .Ii'or Hnc,h i’(!- 
actions we have, according to the laws of thonnodynatnics, tlu! total 
change in the therinodyiianiical potential of the sysUnii eiimil t<» 
zero, that is 

8 # = (•) 

whore * stands for the therinodynamical pcdcmtial for tlu! wliola sys¬ 
tem and is equal to r7+ pV~TS, U= inhn'ual energy, p -i=.q)r(!s.suro, 
r= volume, 2’= absolute temperature and *S'= entropy of the 
systoni. Tn the present oa.se we have 


4- == 0. 

Iiist^ail of using tlie function wo slmll iwo tlm sss.w.intnd rniicti.ni 

T|,o„ 

*^^011++ ''Foft == 0 . , , , , , , 

InT - iibipc» + 


(II) 


Here the subscript Ca denotes tliattho quatditics oonee.-ned reiVr la 

:r rtir' -~:i,:t:f 

• t- Bolrnmnn constant and i.> ==. gas constant. If n.ny the 
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pressure jnu be expressed in iitinosplicrcs, R and Gp in calorics 
per degrtK! and we convert tlie log'aritinus to the base 10, wo got 


■vp 

_ <'ii_ 

2-^lt 


log 2' - log }J + 6cft - 


2-3 RT 


. . ( 12 ) 


Hore C{)a is tlui choinical constaafc for Cii'-gus and is fyivcii by 
Cca - l’S87 + I log M+ log/;. 

Wq have now to calculate the unction for Oa'*' and electrons. 
Wo suppose that they arc monatomic gases, and their '^F is given by 
formula siinlhir to (11), only in the ease of the electron m — 1/184()» 
The G(ination (10) reduces to • 

iJjiili ij, +1 . . (13) 

pca RT 2 ' P ' 


whore Oe weight factor* of the electron, and g, g* those of normal 
and ionised (la. Kxpres.sing p in atmospheres wo have 


log 


PCti 


U 5 
2150 RT 2 


log T — 6'40 -l- log 


{/o d’^ 

g 


(14) 


where + Uf, - f4^) — heat of ionisation of Ga ftt the A.N. 

The chemical constants of Ca and Ca"*^ cancel out i)rc)vidGd wc 
neglect //, and 6*49 is the value of the chemical constant of the 
electron, — (5*49 — - 1*587 +1 log (1/1849). 

If wo start only with Ca, and go on heating it, tlmn all Ca+ 
and electrons will be the decomposition products of tlie original 
amount of Ca. Suppose we have n gram molecules of Ga per unit 
voliiino to start with. Let a fraction \x ^ be ionised. Then wo have 


Vi ^ Vo ^ nxkg\ Pa ^ n il-x)kT 


Hence p ^ total pressure =:=: Pi + Po + Pa = (t d- x) kT 
We have finally 


Pi ^ Po ^ P> Pa ^Yqrf p 
Then equation (].4) reduces to 

!«+ flog - (l-li) + 106^^. ( 16 ) 


^ The weight factor/; = 1., where,/ Is the imier quantum number of 

the ground term, It conies in the expression for entropy as an extra 
summation term, The reason for tliisis the fact that an atom wlmn placed 
in a magnetic field can take only positions of orientations, and this 

increases the entropy of the system. 








This equation was first given in 1020 by tlie soiiinr aiithnr'', mill 
applied widely by him to explain the spedtriim of (he Siin and otiii'r 
heavenly bodies. 

J. Eggei't was the first to show that tho cheinical eoiiHtant of I,ho oloc- 
ti'on may be calciUatetl from the Saekur formula (/=• — ITt87-t'9 log ;lf. 
Ho applied the law of reaction isohar to calculate tho ionisation in the 
interior of star.s ns postulated in Eddington’s theories of stellar stnicliire, 
but his values of U, the heat of ionisation, were rather hyiiothctical. Lindi- 
maiin deduced the ionisation formula for hydrogen, 1mi(, did not make any 
practical apidication of it. 


For calculating the i>orccntage of ionisation of any (•Ininenl; 
according to the above formuhi under varying teinperainre ami 
pressure, we retinirc a knowledge of the heat of ionisation. 'I'lie 
corresiionding quantity in chomieal reaetinns (e.r/,, in the reaetion 
NII,iCl ^ NH;i+HC1 •- U) is ealled the heat of reaetiiin and is ob¬ 
tained from calorimetric exporimont.s. ihit in the pre.sent ea.se //eim 
be obtained indirectly from sjieetroacopie data (from the limit of 
convergence of the iirinciiial series of the element), or from the direct 
determinations of tho i()ni.sation iiotential by I'Vnnek, llerix, ami 
others. Wo liavo 

U in cal. = 7 X ‘dllO.’iO - VnX2',SM 

where 7= ionisation potential in volts, Vo — eoiivergeiiee fre¬ 
quency of the principal series in wave inimber.s. 'I’luis for Na, it has 
been found that Vo = 41000 wlxcuco 7 f)M2 volts ; we have If ' 
117 k cal.; 117 k cal. of heat are evolved when one grain atom 
o£Na combines with one gram atom of eleetrons to form one ginm 

atom of uontral Na-gas. Tho reaction can be reiireHeiitml by the 
chemical symbol 

Na = Na+ -1- c. ~ ( J 

It IS found that the alkali elements have the least i.P, inert 
gases have the largest I. P. {vide Tnhh, at tin. end of this e.luipter), 


from on the assumption that nil ehaitrmis arise 

tiom the decomposition of the original mass of (la. In ether words we 

Buul.o ... 1, ,;,;i 

" »f Ml»r il i, ,„„r„| ... 
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the inodiOcuidon of formula (IH) \v1h^u tlm Hyskan is a hmmrpomnl oiui, if., 
i;ho (dooLrou density Ih arhitniry. Wo liavo 11 ion 

= - 1^.+ Y^n T-\- hi (Ig, gjgj .(IG) 


In 


01 ’ 


1 “ f 

H'r-::.' rx?' V 


ITS- vff ' 

whoro CO is tlio porcontu^fo of niolal ioiiisocl luul f ^ proporlion of froo 
olook'ons to tho original numhor of iiinloc'ompoMod atoms. This juodilioa- 
tioji was given by Prof. H. .N, Kusscll.'*' 

307, Calculation of the Percentage Ionisation of Ele- 

ments.—Witli tho aid of (15), wo ciia calculato i\u) ionisation for 
any elcinoiit whoso J. P* 


Tahlo —Permilagd lonisalion of 
Qikmm* 


is known nndor varying T 
and;/;. Wo give opposite 
a table showing ])orccnk' 
ago ioiiisiition of Or un¬ 
der varying toinpcrafcnro 
and i)rcssiiro, 

It is H(5on tliat ionisa- 
tioji beconioH p(3rc(q)til)l(^ 
only when tlie tenipora- 
tnro is sufllciontly higli, 
much higher than the 
tonpmratureH wlihdi we 
can command in (h(5 
laboratories. Such iein- 
perntures arc obtiiinable 
only in the Sun and the 
stars which have surface 
temperatures varying from 300(riv to 30()00“K, 

The above calculations of ioiiisRUoi* 1 uum 3 hotm made after neglt3({iiiig 
tho weiglit factor. I'lie inclusion of wcaglit fa<aors (‘auHcs the cakadations 
to bo Homowhat revised. Tims in tluj case of calcium, W(3 ]u\v(3 


\ ProsHuro 





1 atmos. 

10-2 
atm os. 

10”^ atmos. 

Tcjni];, 




2000"K 



l-d X 10-3 

anno 

« * » 


1 

lono 

, . , 

2‘8 

20 

5000 

2 

20 

' 00 

0000 

8 

Od 

00 

7000 

23 

01 

100 

HODO 

d(i 

08f> 


9000 

70 

100 


10000 

85 

n 

H 

J1000 

\)3 


M 

12000 

9(if) 

» 

n 

13000 

08 

11 



0. 


2, (f 




1 


is honooforth always taken to he 2 owing to the fact that tho olc(;tron 
has spin, g =* 1, as tho constitution of Ca is igp, it is magnetically 


IL N. Russell, Phijs, Joimh^ B6,110, 1922. 

F, 80 
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neutral and hence may be regarded aa spherically sy.nnmtrand.^ Hu*- 3 h 
just like K, having the electron constitution 4.s' lionc(( //, 'J. 

The. iox^isatioii fornuihi for Gii is thoreforo 


In -—: ]h 


/ = 0 ///'^ 

But in the case of Nil, we have 2*=- I, as Njr«' Iuih the vim- 

sfcifciitioii 2p^ ^So and is juagnetically iioiUral. 


where 


We Jmve therefore 


U 

In - -^ ^ hi 1 0 , 


The ionisation of Nu is given by 


In 


1—0? 


IK 


, » 
lif 2 


In T H' In I 


Equation (18) can also bo written in the form 
{Uo,-IiTlni) _ 5 


, « 

In — p 
1-a ‘ 


lif 


In T -1- In I 


• (1») 


Thus compared to Na, the offectivo I. P. of C'a or any otliia' Hiinilnr 
atom is reduced by (bi4)/23000 volts. At 2'«()50O° (tmnporaturo of tlm 
Sun), this amounts to 17 k cal. or ■74 volts. Tlio 1. P. of da is rcnliiccd 
to 5'3 volts, i.e., caloium shows almost tho same pcrconhigo of ioniHulion 
as sodium. Tho I. P. of barium whicli has normally tho Hatno value as 
that of sodiuu), is reduced to Adi volte, slightly higher than Unit for 
potassium, w., Ba is almost completely ionised in tho Sun. 


We therefore see that the porceiitago ioniaatioii oJ’ nn nloin 
depends to a large extent on its ionisation pofcoiitiul.s. A ful l table 
of such data as deterrainod by oxporimonta (loHovlbed in (‘iirlier 
sections or from spectroscopic data is given at tlio oiul ol: tliia (duii)t(ir. 

We are thus in a position to calculate percentage ioiuaation 
of elements in stiu's iiiidei' varying teini)cratiU’o and pr(!.s,siii'e by 
using equations (16,18,19), from a knowledge of ionisation pnPtntial, 
and otlier spectroscopic data for these oleinonts. It is now necutsHary 
that we should bo able to detect experimentally the thigroe of 
ionisation of different elements in any star. Tho chief method for 
this depends upon the analysis and classification of spectrnl lines 
emitted by a star and comparison of their intensities. Hiiiipoao the 
spectrum ofa certain star shows a very strong K-liuc, but a faint 
.f/'fine of Ca. Since the g-liiie is duo to neutral (Ju atom, and 
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ir, K-lirios, duo to Ca"*', our coticlnsion will be that in tills 
particular star most of the ealciiun atoms must bo in a ooinplotely 
iouis(‘d states a rolativ(3ly very sinall proportion in 

the neutral state, Ifurtluir the ratio of intonsituis of tlio K and 
f/-liucH would ^ive rou/^hly the proportion of (Ja*^-atoms, 'Hiis 
then enables us to make a rouf>‘li estimate of tlie tetnperaturo of the 
star with the aid of (.U))» provided the values of ionisation iiotential 
are known and an a])proximate id(?a of [irossurci of its atmosplnuH^ 
euii be fornusl from other evidences, J^orinula (1!)) coupled with 
suitable siicctroseopic data is tlmrofore exp(’ct(id to yield most 
valuable information rc^ardinp; the pliysical conditions of stellar 
bodies, 

308. Darwin and Fowler’s Modification of the Ionisation 
Formula,*—X^he ionisation formula (15) is however iiicomi)l<}tG as it 
docs not take into aecoinit the excited states. In the doductiou 
of (15) the asBuniptiou has boon made that when a mass of Ca atoms 
is luaited, tlie products of decomposition are Ga'^ and electrons. 
As already mentioned this is not quito true, At sadicioiitly 
temperature a substantia! percentage of normal Oa-atonis exists 
in excited states, so that tlioro will always be found besides normal 
and ionised atoms aiul (electrons a number of neutral Ca-atoms 
excited to higher states, 

We sliall illustrate the inetliod of taking into account tlie 
excited states in the simplest case of hydrogen. 

Lot Pi « bo the partial pressure of the ionis(3(l atom 

Pc ^ ... olocliroiis. 

Pn e= ... ... ntOJiis in the 

n (;h quantum stale. 

Lot us now consider the (‘quilihrium bo twee m tho atoms in llio nib 
quantum slate, and eloetrons. AVo have r 

InK,, = In =. - hi + hn 7'-I- In (I. m nJfh) . . (20) 

p,l li'l #5 

(J{ i IJo } ffn donoto iho weight facta of H**', tho ehictrons, and tluj ILatoina 
in the nth quantum state. As a spocial case, for n = 1, we have 

In Ki = foj „ ..ll + A inT -l- In (J. g, g, /?,) . . . (21) 

Pi fifJ 43 

Honco subtracting, we have 

In {P» I Pi) = - + In (. 7 « Iffi) • 


( 22 ) 








which is just fcho tboniiodynainical equation for cqiiililjriuni he tween two 
nllotropic modilioutioiis of the same substance. Wo luivo 

x>,lkT 


Y / /iV’ 

= //, C ' ://2« ■ ■ •. ■ : //„ C 

To fiiul out Hii exprossioii for iotiistitioii, wo olrsorvo thiit 


"Kn I h'-P 


P.K 




(^4) 


Adding up for nil vnluos of iiud putting p = , wo ol)tuiji 


j) _ T ■ h h {T) 

PiPe ~ 

where b (T) =. gi -I- .X„)lkT _ 

Hcnco wo liavo the final forimila 

In ~ A. + -1 In T H- In (/ //. // ) - In h{T) . . . (2G) 

p Ihl 6 « 

1£ the ionised atom bo such that it possesaos easily excitable 
inctastablo or higher lov(ds, as is tlxo case witli (Ja-^ (and .also with and 
lhi+) which luive a norinal 4s^-lev(5l, ami a inetastublo llrMxjvol, 
thou OIL ioJiisation it may pass jiot only to tlio normal IcjvoJ, but also 
lo some of tliese higher loyols, c,//., in the ease of (iahjiuin, we have 
Av (4s — 3rf) ==» 13650 cin-'^ and also easily excitable higher Ixwcds 
(Av (4s— 4p) = 25414, 2519100)*-1 frequuncioa of II mid KJim^s). The great 
strength of the H and K-linos in stellar spectra ami of the prose nee 
of subordinate lines of Ca-t* in these show that the exoitutioii to tlu^se 
lovols is quite considorablo, For takliig account of those fa( 5 ts, we have 
to introduce a further summation {T) for the ionised atom: — 

b' {T) - -X.yicT , .p “ (^1 - . (27) 

where (j^ weight factor, X„ the relative energy of any n)(4astabhj or 

higher orbit. The X^s now refer to the ionised atom. 

Then the ionisation formula becomes, if we put//^ 2, 

In ijA = h + f In T H- 2 / _ 6(7') + // ('/■) . . . (yg) 

p iCl a 


If wo suppose that both ^(7') and 5^(7’) arc conllned to suigle 
tonus, ii(T) => g^ f)'(y) «« g. and formula (28) reduces to (IB), 

This expression differs from the expression (13) in havixig the extra 
terms b{'r) and V{T), It was first derived by I^arwin and Fowler’*' by 
tluxir special inethod of calculating statistical averages by means of 
comi;lcx iutografcioii. 


* Darwin and Fowler, Phil Mag., 46, 1, 1923, 
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For (ilio ciiHii of hydrognt), \V(\ liiivo 

q = 2 + 2.:i + 2.5.= 2;j2 

''i| 

Jx'h/l J \ 7M/1 I \ 

.lltmco .. . 

Tho Korius is oiiHily siiOJi to ho (liviTj^'ont. Darwin and .Kowhiv arooL' 
opinion that; this is not a sorious di/Ihailly as tho conditions postulniod for 
(ilia d(jvolopniont of tlio hif^lior orhits nan not hold in any a<jtuaL {u\m, Tho 
radius of tho ??lh orl)it is % and if tho prossuro l)o hnito, suoli larj^o orhits 
cannot ht) dovoloi)o<l. Tho sori(\s will thorol’orci tia'ininato,or tho hl^^dior terms 
will liavo to bo multipliod by sonio factor which will make thorn vanishingly 
small, Such corrections havo hcuni introduotjd l)y Urey and lAa’Jui,^' 

.For more complex typo of atoms, tho ionisation forniulao will naturally 
ho inoro complex. 


MuLTiriJO Ionisation 

In coriain eases, as wo sluill aco presently, an atom inaysidlordouble or 
treblo ionisation, A notable example is silicon which is obtained in tho stel¬ 
lar range in three siU5(5essive stages of ionisation, as Hi, Si+, 

For siudi (uisos, we anj eallod upon to lind out formulae for the calcu¬ 
lation of ionisation in the tiiirerent stages, This can ho done by an oxhm- 
sion of tlu) methods alren<Iy giv(m. Only tho final results are given liore. 

Let 030 bo the fraction of atoms in the normal state, and ajj, .. 

Xn be tlio fractions of atoms in the first, second, , , .. /ith stages of ionisa¬ 
tion, Then we have 

1 a?od'a?Khrw2d“ .,. -h «« 

Lot f be the i)roportlou of free electrons to tho original nmul)(n' of 
neutral atoms atid A» bo given by tlie eiptation 

UiK» = ln<,v„.^.yPjP„) ““ + \lnT^4n2I~~lnh„(l')A-lnh„.^^{T) 

wher(3 Xm = energy of ionisation from M**’" to stage, 

Then wo have 



In 


Xi 


In 


Xu 


OOn^l 


. L 

i H-/ 

f 

Wf 


f 

Wf 


p ^ In Aq 
p ^ In I\i 


p *=55? In lin 


1^39) 


1924. 


* Vroy, Aslro. Phyn. Joiir., 69, I, tOM; Fornii, Zs. /. Phyn., 20, 54, 
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Wo iJlnstmliO tlio iiso of formula (29) by a s poo nil oaso, 

I(i is found thafctlio firnt I. P, of Ca ia 6*09 vollia^ f;lio soooncl L P. la 
11\S2vo1(;3. 0u++ has argon-Iiko 8(;mofcuro, lumco its I, P* is vory hi^'h; 
actually ili is found to bo nearly 51 volts. In tho stellar ranwo tliere- 
fore expect to a’(d. Ca, Ca+, aiul Ca++. Lot tho fra(aiion oF Ca*^^ and 
Ca+’^ bo .7? and y respectively. Then (29) r(uluces to 


.JL . --^^L. .L loiv T 6*49 


[Put. a;(j 1 — OJ—aJ| a? in the first; equation of (29) 


I V f 
loc' •- • . - —7* V 
^ X 1 H-/ ' 


Jw-t- 5 'Off • • • (290 


■ WUT ' 2 

We have ncKlectod tho extra factors h (7'}, //(7') in tlioao deductions. 
Subtracting: one from the otlier, we hayo 

V 2 -IJi 


log:- 


2*B«r ’ 


( 30 ) 


309, Application of the Ionisation Formulae towards a 
Physical Explanation of the Spectra of Stars,—h\oni the 
application of the laws of radiation it 1ms becni found that tlui surface 
tenipcratnros of star.s, are found to vary from BOOO^K for red 
stars to over 20000'’K for white stars. Th<^ aurfjuuis of: .si^irs tlun’e- 
fore ]>re.sent the host material for tho application of: tlie ionisation 
fonniihe, As lijojht is the only inatorial reacliiiiir us from those 
distant universes, all that wo can liopo to know about them must be 
from the analysis of their ligcht .But before auy tlieory was Icuowii) 
tho astro 11 oinor Sir Norman Bockycr undertook a system a ti(i in- 
vostigutioii of tho s])octra of stars. He discovered tlui romarlcnblo 
fact that ins]nto of their large numbers, the spectra of stars can bo 
classidod into about five or six well defined groups, wliich .show signs 
of a continuous transition from one stage to tho oth(H\ "l.^lie work 
was then continued at the Harvard College Ob.s<irvatoi*y by Prof. 
K C, Pickering and Dr, (Miss) A. J. Cannon, who photographed, 
before 1014, the spectra of not less than one hundred thousand stars. 
The result was in the main a confirmation of Lockyer^s r< 5 Siilt, and 
can bo described iii the following words of Prof, II. N, Uiissell :— 


The spcofcm of tho stars show remarkulily few radic.al difforonees in 
typo. More than 99 per cent of them fall into one or the other of the .six 
great groups wliich during tho classic work of tho Harvard Gollego Obser¬ 
vatory wero recognised as of :fiinclam 0 ntal importauco, and received na 
designations, by the process of the survival of the fittest, tlio rather arbitrary 
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lottcn’H B, A, F» G, K, M. 'JMuit Uion^ should ho so fow typos is noto- 
wcii'tliy, but nuKjh inoro voiniirlctibhj is tho I'nct tluit tlioy foviii a coiitinuous, 
sorioH, Jilvoiy do^^ms of iJradatiou botwooii th(5 typical spectra doiiotod by 
B and A may bo found in diilcrcmt stars, and tho sunns is true to tho oivd 
of tins s(srioH, a fact recognised in tlio faniiliar decimal classification, in 
which BftA, for (sxainplo, denotes a spectrum half way between tho typical 
cjxainplos B and A. Tins srsricss is not mcnsly (son tin nous, it Is linear* 
I'herii (sxists slight difiereneo bpt\V(Mm the spectra of diiloreut stars of the 
same spectral class, such as A, but these rolat(i to minor dcitails. Almost 
all tho stars of tho small outstanding minority fail into three other classes 
(or rather Four), denottul by tlielott(n*3 P, 0, N, R.’ Of thes(i, 0 iiiidouht- 
e.dly prcuu^des 'B at tho lauid of the series, while ll and N wliich grade onci 
into the otiujr, come probably at its end, though in this case tlio transition 
stages are not clearly worked out* ” 

Since the above was written, mucli further work has been 
don(^ pavliciilarly by J^’of. Plaskett at the Dominion Ob.scrvatory, 
Victoria, CJanada, on the O-type of stars,* and by the Harvard 
workers on the M-starsf. "^riio residt lias been the (extension on th (3 
upper sido of the decimal notation to Hjieotra of 0-class and on 
tlio lower side v\\) to tlie M“c]a*ss* The temperature range varies 
from 3()00‘’K to 3r)000'’I.C. i'losides these regular tyjioH, other low 
tGni])oratvire types (generally very small in numb or) have been 
discovered and denoted by the letters It, 8, N 

Gemral FmiureH of Vari(iU(m,'-‘A gtmeral itUni of t)ie variation of 
stellar spectra can ho gatlun’cd from Pig. 27 which is n modification of one 
originally duo to Lockyer, and sulisecpi^ontly modified by Milne, and tho 
analysis of tliii results Is summed up in Table 7, 

Explanation of tiif TAiUiF 

The first column contains the name of tho elements, tlui second 
column the particular characteristic line by wliicli it is dotected. The 
third column gives the spectral designation of the line in t1ie notation at 
present adopted (Russell, Baundors and Bln^nstone), column 4 gives tho 
excitation energy in electron volts for raising tlio noutral atom from tiie 
normal state to the particular state in wliieh it can absorb tho lino. 'JMius 
for the Si++lino A, 4562, (}tc*, tho excitation voltage is calculat(3d as follows, 
Wo start wdth normal Si. Tho first I, P* is 8‘12 volts, the second I, P, is 

* II* S, Plaslcott, Ptibl Dominion Asli\ Ohsei^valory^ Victoria^ Canada, 
1, 376, 1921; 4, No. 17. 

f Menzel, Harvard Oiraular, 158, 1924* 

t Merfil, Astro. Jotirn.y 61, 13, 1926. 



6'10 


GBITICAL POTENTIALS OF ELEMENTS ( XlU 


Table 7,—Stellar lAneit of AiitTnphijKiml hi?p(»irin(.‘e.* 
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Tlic ])arti(Hilar group of astrophyHical liiiufl i 4552, (4c., is diui to tho 
transition 8s 4i<f^-8.v 4;>. IIoiu*(Mvo must add un anioiint of (?novgy ^vlJi(^h 
(^an rais(j tho olecfcron in SI++ from tho 8.s2-Htag(^ to tlio 8,s‘4s stage. 
Aoeonliiig to A* Fowler,tliis energy is eqnivaUmt to .I8‘0 volts. Hence 
the excitation potential of the lino is 8'J2-hl(j’20d“.l8*n«d8‘8 volts. Linos 
like X 4227, which aro the rosonuiujo linos of nofmal aloins, rcquin^ no 
prcdiininary excitation. Tlunr I.P. is put (*qnal to Z(Ho. 

In 1,110 fifth column, tho parthmlar stellar (dass at whmh a liiui just 
aiipears is given. Tho in*in(5i])al lines of normal atoms ni>i)(^ar in stars 
with the lowest to in poriituro, Imt the suhordinate liiicis or enliaiuaul lines 
Ujipoar only at a certain higher stage diqiending upon tluj ex(Htation 
requiri^d, Th(» toniporature of tliis stage is generally higlier, the higher 
tho exeitation poUmtIal, compare Ho X4471 for which tlio 1. P. is 
20'8r> volts, and which appcjars at a stellar surface having the tcinpia’atun^ 
1000(1®Iv. In tiui sixth column the stage at whicli the Intensity of the lino 
is maxinmni is given. Tho maximum is goiiernlly Hat, The maximum 
eiinbhis as to (calculate tho ehuitron j)rosaiire as first pointed mil by Fowler 
and Milne {viih p, G4d), 

The seventh column gives us the stage at which the line (iisappears. 
If it is a prineipal line like tho Ca< 7 din(», tho disappearance moans that tla^ 
element is about 00% ionised. If tlio lino belongs to a subordinate sia'ies, 
the percontagG ionisation may not l)o so complete. Tho temporatun\H 
luulor oncih (dass, and the ole(5tron pressures are eahmlatcd from the appli¬ 
cation of tlio ionisation theory. 

The tabl('> as well as Fig. 27 sliow that tius linos of un elonumt 
just appear at a certain stag(^, rlso to a niuxhnmn and (lisuppoav at 
the other end. Thus tln^ ludimn line X4471 just appear,s at (Jie 
Ao-class, rises to a inaxhnuin intimsity at tiie Bo-olasH (indioatiHl 
by maxiinnin tliicdcuess of tho liiu^ repr(‘S(mting Ho X 447.1 in 

]fig. 27) and disappears at tlio Oft-tdass. Or tak(^ particularly the 
case of silicon. We find tlmt it is present in threat Huecessivo stages 

of ionisation, wlnxdi succa’od and partly ovcrla]) each other in the 

stellar range. 

The explanation of these facts is at once suggested by tlio 
ionisation theory. Thus the disapiioaranco of the silicon lino X 8005 
at A 2 denotes that Si is completely ionised at this temporaturo, 8'lio 
appearance of the Si'^ lino X4181 at the F-stago indicates that 

silicon is considerably ioni.sed at this stage, mid furtlior excited to 
the level of 8d in wluoli it can absorb the lino X 4131. 


* A Fowler, Phil 7Vm^.s., 226, 1, 1920. 
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For tlie sake of numerical illustmtion, wo fciik(! tiu) //-lino nl (In. 
This has maximum intensity in sbirs with tiu! lowest toiupoviitiiro 
and disappears at Ao. The prcsonco of inaxiimnn at the lowest 
temperature is easily undei’stood, for the//-line is a |)rinciiuil line 
and can be absorbed by Ca-ntoms in their normal state. 'Dm 
concentration of normal calcium atoms is maximum at the l()W(!st 
temperature, since at liighcr temperatures, tlioir proportiKiii is 
diminished by e.xcitation to higher levels and by ionisation, 'riio 
disappearance at the Bo-stage is duo to ooniploh! ionisation of 
calcimn. A glance at Table 7 shows that if wo calo.iiiatc! 
according to the simple ionisation formula, the ionisation of 
calcimn becomes complete at T^lilOOO”!^, p ,1. atinos., «»r at 
7'= 9000, p == 10"^ atmos. We cannot find out tho (ixaot ttunpor- 
ature of the A-cIass unless wo make some a.S8uinption roginaling 
the value of the pressure on stellar atmospheroH. lu tho tnirly 
investigations, pressure was assumed to vary from 1, utmos. tt) .10"“ 
atnios. In this way, tlie foilowing result.s worn coinpihid !•— 

Appearance of (A .‘i93.9) M .Ionisation of (la begins at ddOO'K 

Disappearance of _(/ (A 4227) Ba Ga coatpletely ionised at IBOtKI" 

Appeunmee of Mg+(A 4481) (4* Mg eonsalorubiy „ „ 701)0“ 

Disappearance of K (A 39 .'} 3)09 Ga+completely „ 21)000° 

Disappearance of Mg+(A 4481) Oy Mg+completoly „ „ 28000“ 

The method is however uncertain owing to a uuinl»(!i' of 
reasons. I^'st of all, the prossuro is chosen arbitrarily. iS(!(um(lly 
only a qualitative account is taken of the fact that tlie diltVvront 
lines require difforont amounts of material for their prodnotloii. A, 
well-lcnoAvn example is that of sodium D-liucH. It is fnnml (-hut 
the smallest amount of sodium (10"^ gm/cni“) in a llaiun will ln’ing 
out the principalliues very strongly, while much larger amounts 
are required to bring out tho subordiiiato linos in tho suuio ro/rlnii, 
Thus the forimihi cannot be applied for any (piaiititativc pvii'ixwe 
unless the amount of matter required for tlio marginal a])))oni'ii iU!o 
of 0 line be Icnown. 


Election Pbe.ssuuk p.uom aiaximuai iN’i'UNHrTV ov 

SUBOnDlJTATR S15KIUS IJN.KS AND JONltANOKP IdNliS. 

{Foiokr and Milne) 

A very elegant method for determining the electron prosHuro 
was discovered by Fowler and Milne. They observed that there! is 
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a rcmarkablo diiroronoo in fclio variation of int onsityof the prin¬ 
cipal lines of neutral (ileiiKMits and of their snbordinat(i UncH in the 
Htollar seqiKMKKS The principal linen of neutral eloiuents are most 
iuteiiMc at the lowest tcnip(jratnrcH and gradually die out witli 
increase of teini)eratnre {:viih tlie behaviour of Ga ry in J.%. 21). 
But the subordinate lino or lines of an ionised eleiuent appear at 
a staf^(', dopendiuK <>n its excitation potential ; they are at first very 
faint, p:radually rise to a maxinuiin at some intorinediato stage and 
then again fall oil’ to ziero intensity as shown in the following 
llgiires, 



2H. Ynrlntloii of IriluiiHliy of )lnoH of Hiiborraniao kih'Ioh m\\ oolmncuul 
11 OCR of olotuoiUH with toot porn loro. 'I' ho obRcliiftAu roprcHiMit loinpornlorcH, Hit? 
ordliiuioH uoiiooiid'otionK of oxoUod Aloiiid. 


Ifowhu' and M’iliio explain the plienmnenon in the following 
way: At the lowest temperature all atoms are in the normal state, 
there are none in the liightu* stativs, With increase of tomperaturi*, 
tlio higher states begin to come out. V71ieu the tomporatiiro still 
further rises, the atoms begin to get ionisial, and the proportion of 
atoms in the excited states begins to fall olF. A inaxinuini must 
have boon reached in the intorviil. 

When the above ideas are translated into mathoinaticai lan¬ 
guage, and conditions for maximum concentration of excited levels 
applied, we got a relation connecting tho olocti^on pressure in the 


m 
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rGversitifv layer, and the tem]iorntnro at wliich nnixiiiiuni intensity 
is reaeliod, J^roni equ. (28), wa have 


X 


== T" . where 

Applying tlie condition for inaxhna, wo g(?t 
’• X~X, X '“X i0y ■W>) 


As «an example of the application of Fowler and AKlno^s for- 
nnila, wo take the case of the zinc triplet '*S, ^4810, 4723, 41180 
{vhle Fig. 28). They attain the maximum interisity at the 
where the tcniporatiire may bo supposed to lie botw(?cn HOOO'* and 
?000'' ; wo liavc in this case Fq 0*34 volts, F — 5*33 volts, 
/j{T^ 2, b (^I) ~ 1. Substituting proper value,s in (31.) we obtain 

for T - 5000^ Ve =- I’BS X 10 ^' atinos., a; - *01 

()000^ - 8*0 X 10" ^ „ - *(52 

7000; -=1*6 XIO*-" -*(>3 

whore x is the fraction ionised. 

Those pressures are very nmeh smaller than the pres.sitre of 
one to 10"^ atmospheres formerly chosen. To obtain consistent 
values of 7^ind for stars of diircrent types, all available data 
should bo discussed and sifted, This has been done by Fowler 
and Milne, by Cecelia Jl. l^aync and Pannekoclc, and the reader 
may bo roforrod to the original papers,* The final results do not 
ap])oar to bo concordant. 


310. The Fraunhofer Spectrum of the Sun, —As the sun 

is so much nearer to ns than the other stars, its spectrunrean bo 
studied in much greater detail and is suitable for a more extensive 
application of the ionisation formula. The spectrum of the Sun 
was studied in a monumental work by H, A. Howland about 40 years 
ago, This has been revised in recent years by a committee of tlie 
Mount Wilson Solar Observatory. The revised catnloguof con¬ 
tains 20,027 Fraunhofer lines with wavelengths givoii up to the 


* For defcuila of tliis ciileiilafcion, see Fowler and Milne, Month, Not, 
Roy. Asir, Soc„ 83. <101, 1923; 84, 499, 1924; Pan nekoek,//; r/. vl.v/7'o^ 
2)liyMh\ III/I, 323; II. H, Fowler, Slatistkal Mvv.hamcs,^ Chap. XV ; also 
H. N, Ilusaell nnd J. Q. Stewart, Astro, Jotirn,^ 69, 197, 1914 

f Revision of Rowland^ Prctiviimry Table of Solar IVavctrnf/ths 
(with an extension to the present limit of infra reel), by C. F. St, John, 
D. F, Moore, L. M. Ware, F, F, Adams, and II. D. Babcock, publishcnl 
by tlm Carnegie Institution of Washington, 1928, 
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third place of decimal in the Rowland roj[ 2 ;ion (X 2725 to X 7B14) and 
of 1,808 lines in the* infra red (X 7!h^B to X 10105). Of thone lines 
12,502 or about 50 per cent luive boon accounted for, v.rj., either 
identified with known linos of elomoiits or of compounds or as telluric 
lines (lines due to absorption of siinli^^ht in the atinospliero of the 
earth)» In ttiis way about 57 terrestrial eloiiKnits have been found 
in the sum 

According to tlie theory of evolution, the earth was originally 
a tiny fragment of the sun, hence the sun (and probably the other 
stars as well) should bo composed of tlio very same elements which 
have been found on the earth. The crust of the earth is com])()sed 
of 92 elements, '.riie occurrcnco of the elements in the sun is showji 
in the following Table. 


Tahlo in the 


T ! 

Jl 
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2Ho 

(ItLi) 

4Bo 
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mo 270o m\ 
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iiOZn 
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3200 

(33Ah) 


(itsilif) 

(llOICr) 

(137 Jib) 

38Sr 

3«Yt 

m'Ar 

41(.‘l)‘/ 

(I2M<) 

(dilMal 

44nu 451111 <I0IM 

47Ag 

48Cd 

dOIn 

mu'! 

5JBb j 

(!j2To) 

(fiSd) 

(54Xo) 

(5508) 

r)GBa 

r)7Lai- 

72Hf 

(73Ta) 

74W 

(7DHc) 

(70OH)(77Tr) 78Pt 

71)Au 

mm 

arj'i ? 

82in) 

(83131) 


86 

(Hfilbi) 

87- 

(88Ra) 

(80A.e) 

(UOTli) 

(DlPa) 

)1)2U) 




fJiare Earths 


68 Co 

69 Pr 

CONd 

lOl II) 

02 Ba 

63 Ku 

Od (1(1 

(05 Tb) 

60 Dy 

(07 Ho) 

G8J5l*? 

(GOTu) 

70 Yb V 

(71 Lii) 


{ ) donotea absence ; ? presence doubtful Of the other oleinonts 
shown as present He occurs only in the cliroinosi)hcric spectrum. 
The most notable absentees are : 


^ Taken from a paper by Gh. St. John, Mount Wilson OoninhtUions. 
No, 385. . 
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(1) The lialogens, (2) The inert g»’ftscs» (3) Elements of the 
fifth g;i’oup excepting nitrogen, (4) The nidioivctive elements. 

The explanation of these facts is very interesting, but can be 
touched here only in outline. Taking the alkali elements we find 
that the Na^lines Di and D 2 are very strong, the resonance lines of 
K (X 7699, 7666) are very feeble, while Li (X 6708), Rb (X 794-7 and 
7800), Gs (X 8948, 8521) lines are found to be entirely absent. The 
absence of Rb and Cs and the extreme fecbIoncs,s of K are com- 
])letely explained as being due to the almost complete ionisation 
of these elements in the sun as their I.P/s have vciy low valnos. 
These ai^e shown in Table 9. 


Table .9.— Percentage ionisation of elmimls of groups I and II 
in the Stm and spots. 
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I.P. 

PcrccnfcngG 
of iioiitrnl 
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3-SI 

0-3 
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70 
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... 










Tlie percentage ionisation of tlie elements has been calculated 
from equation (15) on the supposition that pe ^ 10" ^ atmos. and 
neglecting weight factors and presence of inetastable states as 
mentioned on pp. 634 and 636. The tables do not explain whyNa 
and Ca, K and Sr, Eb and Ba, in spite of their great difference in 
I.R (about 1 volt in each case) are almost equally ionised in the sun. 
This is explained on the next pagCt 

The principal lines of the ionised elements Rb+, GvS+ are in the 
Millikan region, hence they cannot be traced in the Et'aunhofer 
spectrum. But if any part of the solar surface undergoes a local 
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coollui^, III) and ( Is may partly ratiiru to tho iioiitral state, l^his is 
exactly '\vluit lia])pens in tin* s])()ts, for A. Fowhu’ had proved that 
the spectra ot spots is siiiiilar to that of IC-type of stars and lunicc 
the tcniperntiir(‘ in them cannot far excecal dOOlVCl 

It was pvedic-ted from such ar^niiuatts as above that Ub and (Is 
may oc.cnr in the spot in the neutral state. Tlie vorilicatioii of this 
prediction by Prof. If. N. Hussell, who discovenal the infra r(Kl 
])Hir of Ub i 70.11, 7800 (resuuanco lines) in sojiie spot s[)ectra taken 
by Dr. Drattkott of Mount AVilsoii Obstuwatory, constitutes one of the 
(‘arlicst triumplis of tin* ionisation tlumry. The intensities f)f the 
lines of iioutral K. ujid Na are incr(^ased in the Hi)«)t s])ectraas sliowu 
ij) Table 0 in af'cnnlanco witl) the-iKHslictionsof tlie ionisation tlieory. 

h'or im>re detailed comparison between the spot sijectrum and 
th(5 l^Vaiinholer spe<itrinn sec a paper hy M. N, Ilnssell in tlie 
Aslroplnj^shfl tlourimh 5S, lU), 15)22, 

Momh Appauunt DiPFKun/riMH in tiik Tonihation' Tiikouv. 

We shall now explain the apparently higher ionisation of the 
alkaline (‘arths in th(^ sun, A u’htnce at Table 5) shows that 
wliile< Na and Da liave almost identical I. P/s, m,, 5*12 volts ainl 
5*18 volts, r(?sp(Kttivoly, still, while the arc lim?s of Na nvo. very 
strong in the l<'runnhof(vr spectrum, the resonance line of Da \ 5554 
is found to 1)0 entirely absent, Thus Da seems to be (completely 
ionised in the sun. A ])urtial exphinatiou of this fact has already 
been ^iven in §507, where it was shown that owinj;*' to the (extra 
term in the ioiiisatioii formula eontaininj^ the weight factors, the 
ellective I. P, of Da is reduced by about ‘74 volts on the snn and 
this beeomes 4’58 volts, '/.c., lias almost the same value as that of: 
K, A eompl(4(e explanation is allbrihed by (28) \Yhieli takes into 
account the metastable states. Owinp; to the existence of a 
metastable IkMevel of Da*^ wliieli dilTers little in eiuu’^^y from the 
lowest 4:X“level, the 1, ]\ is r^educced by abou t (7i.7’ In 8)/250()() volts 
instead of by {UT In 4)725000 volts, by about TOH volts. 44ie 
elVcetive ,1. P. Imeonies 4M0 volts, almost the same as that of Ub. 
IJonce Da is found to be completely ionised in tho sun. 

Tho c-alcuhillon is as follows;—Prom a compm'lson of formulae (18) 
and (28) \ve fiml tliat the extra Ua'ina in tho ionisiition of harinm over 
that of sodium are lo;^2HUof?//(7Vlo«‘M7’)* Now b {T) is very nearly 
unity, as tlie fumhunoiUal state of Da is 0,y2 and the next states arc 
82 
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6f^ *D mid 6.<? 6/) SP, ^F. Tlioso aro so iiuudi niiiiovod froin rlin 
fundamental state in energy value that they dono 1; mo n h i 1 > 1 y <u)j 1 1,ri I n i U i U > 
the value of b(T), As a niattor of faet, oxaot i^nlnuiatiou hUonyh {.hut 
b (T)^V2r}. 


But such is not the ease with ionised Init'inni. ’Vhi) rninhi- 
moutal state is G.y ^Sj. ; bufctho two iicxt iiuituMtHliln t, 

^ w I ji 

ai'e very close to it (Av = 4875 uucI 6675) (vida 1 luxl (ioj/.f, 

SericuRcaetxe der lAnien-spafcImi, p. 07). TFic wcsif-iib I'liciitrH i’nr 
Dn and are 4 and 6 respectively, iuid an (watii eatinilai'Kni sIiowh 
that at T=6000'’,//(V) is very nearly 5. Hcsikx! tint c.vtni ((-nn in 
bju'iutn is log 2 + log 5 - log 1*26 = log 8 as iih'iiUdikhI already. 

Broadly si)caking, the abnormal ioinsatioit of barium in (n 
bo ascribed to the fact that though it can exist iti its itormnl slate 
ill only one way, m., (w* bSo, it can bo ionised to ii largo iinmbei' of 
possible states of closely lying onei’gy values, /•/;., to (i.v '•'iSj mid 
5d j the latter witli largo weight faetors. 'I'luis the Imriinn nnn- 


inaly is no longer an oiitstaiuliiig dilliculty (v/dr. Ihiiuiokoeh, lor. rih, 
pp. oOO 80S), where this explanation seems to In^'O boon missod), 

As regards other missing elements, we somot-imos oomo across 
difficulties of a nature peculiar to each elcmeut. 'I’uko, Ibr exmnjdo, 
the element oxygen. This is the most plentiful oiemimt in the crust of 
earth, and it was uaturnlly expected that it would hIiow very jiroml- 
iiently in the Sun. But for a long time, no trace of any lino of oxygon 
could be found in the DVaiinhofor speetriini. It wiis only in I')b| 
forty-five years after Kirchholfs discovery, that Uangc observed u 
triplet in the e.xtrcnic red whhih he jiroved to In, identical witli 
an oxygen tiiplot. But why did this triplet of o.vygcu o,.e,.r so 
faintly in the iraunhofer spectrum? Tl,e nuswer provided from 
an analysis of the spectriini of oxygen. MoplieUls. has shown that 
tie principal hues of oxygon, vh., 2/i‘ M> - '’..S are in 

the Schumann region, and hence they are eutiiNdy cut o(i: riu, 
ines of oxygon which can be used for ideutilumtiou belong fo 
minor combinations, to 2?,"8.s- »S - 2v%> ‘'l> ,»u| r,.,,,;,,, very 
ingh stimu ns, about 10 volts, for their producUon. Jeneo m 
prospect of getting 0-lines in the Sun is very h.iiuII, thong ! 
element may be more plentiful tlnm calcium, the li.i.m of which , o 

so prominent in the Sun. 


* Hopfiold, Astr. Join-n,, B9, 114, 1924, 
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III I'jicl; llid ionisation tiioory eouplod willi u knowlod^vn ol tlio 
0011 stitnlion of tin5 spootru oj; oloinoiits loads us to a oonifiloto 
ju.sllfktJiHon of tlio sayiii)L>‘ of Rowland— If (;1 hj (*artli wc^ro smldnily 
li'oatocl to tlio toinporaturo of tlio Hun, its s])ootruni Avoiild probably 
bo the sanio as tlnit of tho 8nn/^ 

x^pe(U?yi o/\I^}ieidn (^—Just as spots arc? rollons of lotiul pooling' 
tho faculno ni’o rogions wlnwo tho tcaipioratniv* 1ms boon iinwoasiul 
over that of tho goncral photosplioro. Iloinm it was ])r<uIiot<ul that 
tho spoctniin of tho faonijut would bo similar to that of ,K-olass of 
stars, ^rhis prodiotion was vorillod by Dr. iSt, John of tlu^ 
Mount Wilson Solar Obsorvatory wlio took siniultaiioons photograi)hs 
of tlio spoctra of tho Snn and tlm fa<!ula(s and found that tho limss 
of Ti*'' w<M‘(^ coiisidorubly (uihanood in tho faoulao, 

311, Influence of Preaeure on Ionisation and Spectrum of 
the Solar Chromosphere, —If wo rofor baok to formula (15), wo 
lind that bosidos tomporaturc lumsnro has an aiiimocinblo iiilliiouoo 



ilS). IituvoitKii of |HiriHni(jiKiHoii|Hiit}oii vvilli of pVDHHiiri). 

oil ioiUHiition. A rodiictioii in prossiiro in iilwiiyH n<;()<)iiipHnif!(l liy 
an inci'Oftso in (Jio poi'oantiigc loiiiaatimi. 3!1 siiowa liow i;lio 
porcontngo ionmaliion ol: luiliain and ioniaod holiuin iiici-oiiHOH with 
dooi'oaaing pmsaiiro. 

'I’lio ordinatoH roprosemt ionisation, (ho iibHoissiu toin]i()riitnroH. 
I [{ilium luiH an P. of 24’4G volts, lionco very iiigh toiipKii’ntiiros 
ai’o rctpiircd lo ioniso luiliiiin oonijilotcily. Tlitis at 1 atinos. 
proHsnro, ioniHutioii roaohos i)0 % at a toinporatiifo of noarly 27000°. 
But if the pvossiu'o bo diiniiualuid to JO"'' atinos., tluiii ionisation 
bocomos coinploto at about 10000° {vulc l.''ig. 20). 

'J^iiia .slinplo fac-t provides us witli a (piiditativo explanation of 
tlio important difforcinco between the i‘'raunhofer .specti’um and 
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the spectiMini of the Sohiv Clii‘onu)si)lio).'((. Loc-kyer was tlio (irst 
to find out that the two arc not the (i.vaet revi'i'.sal of oim-.Ii other 
as an apijlicntion of Kirehhoir’s law-would lead us to oxpiMil. 
Grenerally speaking, the enhaneod liiu's (liiuis tiue t(( ionised ele¬ 
ments) arc nioi’e prominent in the ((hromospiKirie spcMdrinn thnn 
the arc lines. Tims taking eaieiuin, wo find that tln^ //-litxt diK! lo 
Ca can scarcely be noted in the higher layer.s of the .solav utinuH- 
l)here, while the H. and K lines dm* to (Ja"'' <auitiun(! tn be very 
sh-ong. This is duo to the fact that as we rist! higher up, the 
in’essure diminishes .so fast that in spite of tiui fall in t(!in]»nrul,ure, 
the ionisation rapidly inorcaaos, and at greater heights (about riOlld 
km.) calcium is completely ionised. In fact tlu! .spee.tritiii <d' iJie 
upper chromo.sphere is largely made up of enhanced litu^s iitid is 
more like the I’cvcnsal of the l^'raiinhofer H))ectrmn td a .slur with 
the higher temperature of 100()()°K and having very niuoli hi.s,H 
pressure (e.g., a-Cj'gni which is a super giant). 

Anothei'noteworthy offcot is the a.ppearanee (»f Indiiuii lines 
in the chromosphere. Melium is an elcimmt with the largx-.Ht I.l'., 
vix., 25‘4 volt.s, and its radiation pobmtial is al.so e.xtiamnd.v high, 
about 20T) volts. Hence in stjirs up to the A-eiu.M.s, it i.s not even 
stimulated to any higher excited orbits, ft is only in n-Htar.M liuving 
temperatures ranging from IIIOOO'K to 2o()()()'K that we lle- 

liues. In the Fraunhofer spectrum of the sun wlde.h eoino.s ... 

the reversing layer, there is no trace of any helium line. I bit in 
the chrotnosphero, where the in-essure has been rediteeil limidi'eil 
or about thousand times, the helium lines come out very promiiHudly. 

Fowler and Payne* had aetuidly oblaiiied in IDOii expei-iiiionlid 
evicence to the clfect that a reduction of presHiire causes liutrcnHeil 
stimulus. They showed tliat while the Mg-arc in air shows no trae.e 
of the lino M481 which is due to Mg+.tlm am in vacuum (under 
lednoed pressure) emits this line very strongly (see |fig. liO). 
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312, Experimental Verification of the Ionisation 
Theory.™yVcconlin^' to tlio ionissitioii (Jioory, nil atoms at high tom- 
poratuvoH would lose oloctrons. At low tomporaturos, gasos consist 
of imcliargod atoms or moIcKmlos, hcucc tlicy do not conduct elec¬ 
tricity at all, But sinc(3 at high tompca'atnrcs electrons arc given 
oir, a coiiHidcrabl(3 amoiiiit of (iloctrical comlmjtLvity may be cxpcc- 
t(Kl ill the vapour. 

A largo luunbcr of experiments was done in the early years of this 
century to find out whether a gas can be made electrically conduct¬ 
ing by heat alone. Mercury was the gas generally used in those 
{‘xjuiriments. But the choice was rather unCortunatii, as mercury has 
a liigli I. .1;^ (about 10*45 volts), and calculation with the aid of (15) 
shows that at least a temperature of ()00()'’K is needed to produce 
api)rc(uablc ionisation. 8ucli a tomporatiirc cannot bo realised in 
the laboratory, lienee for experiinoutal vcrilication, we must cliooso 
a substance which ])Ossessos very low ionisation potential. Wo 
have Hoeii that elements belonging to the alkali group have the lowest 
I .P., Cs. . . lib.. , . 4*11), K, . . 4*88, Na . .. 5*12 volts, 

and (ialxHilation shows that ov(in at 2000''K, they would bo consider¬ 
ably iouisiid. When these elements were tried, * it was found 
that tlu;y showeil very considerable conductivity at 2000 K atiproxi- 
niately, and in the case of Cs at much lower teni|iei‘atnres. 

'riie a[)paratus by means of which these (experiments were earri(id 
out is shown in Ifig. 81. 

The appJiralus (jonsists of a vuciium graphite furmu5e, lirst imA hy 
A. H, King of the Mount Wilson Solar Observatory, in wliioh the olenumts 
at a delinito pressure are heated to high fceinpenUnres, Jf is a tube iiuule 
of Aelieson grapliite. It is lield hy two tightly litting iron hbadcs wiii(jh 
are (.‘urriod by two wat(‘r (joohsd stout brass tubes 88, The brass tubes 
stand out from a water (jooled brass base but are insulated from the latte a* 
by rid)her washers. The whole is enclosed hy a culiical cast iron mantle 
provided with two wimlows of quartz facmig tlui gmp.bites tuboj and a side 
tulie (not shown in tluj Hgunj) wliieh is also provided with a quart'/ window, 
ami is usc'd fur ineasurenusiit of Usmjieratui'e with thtf aid of u Wanner 
liyroineter. Tlie graphite tulie is Incited to (X!luperatur(^s of 2000''K—HunuMv 
hy tile ])tissagn of a eurrent of the order of 1000 amp( 3 res Iroin a low tension 
transfoniKJr (used for welding) tlirougli the leads 8,>8, /'isastaiond siiialhT 
fimuKHS wliich is licated hy a smaller subsidiary (nirreiit net shown in the 
(liagrani; T is u timriiioeoiiple passing thimigh a rubber tube at the bottom 


'‘'Hnha, Bur, and Mazuiiidnr, Zs, f, 40, (148, 1027. 
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of the brass pUite, The siibstaneo, say Na, is plaoo.l iii/'tu»'l hiiatod (d 
the desired teinperatiiro, whiob is given l)y T, I'Voin Ibis wd <11111 (linl oiil 
the saturated vapour prossuro. The vapour then irasses out into (lie 


FIK' Ap>|>arrtiti« foi-HhOAvhig ch*c‘iripnt comliioUvlty of lii-fiUid vn|>mif>J, 

fiiriuicG F, whicli has a iniicli liiglior toiuporaturo, llm) l<lu» vapoiu' i.s 
ioniaecl. p^p arc two Achesoii onrhoii dipsos, niouiitod on nnjlylahaunn 
holders which are carriod by tho iron standn boLwctai Sand N. 
stands are carefully insulated from the brass discs and coniuudfal by nutans 
of wires passing through the riibbur coi’k to a sonreo of o» nn 1\ In scri(*H 
we have a micro or milliammeter (not shown in the diagram). Tbo wlioln 
apparatus is highly evacuated. Ordinarily no current passes ImLwtuui p^p. 
Suppose we start with Na in/'at a temperature of 500%! Thin givM'S a 
vapour pressure of 3 to 4 mm. of mercury. Wo keep f alwnyn at this 
temperature. The temperature of F is now varied from lOOG'^.K 20fll)®Iv 
insteps. The voltage across pjp is only 1. volt. It is fountl that tluj 
current in the measuring instrument rapidly increases with iiinn^ase of 
temperature in F. With Hg, Zn, Od which luivo I, P/s vuryiUM'b*<>ni 0 
to lO’o volts, no current measurable with a microammeter wan obtiiiiUMl 
even at the highest tomp(‘ratnros. Mg which has an I, P. of 7 (H volts 
gave only a small current at the highest temperatures. Fa and Iv on tln> 
other hand gave appreciable currents even at 1.1)00% ami at tlici liighcst 
temperature, m,, i^OOOTC the conductivity was so great that tlict cnrrtuit 
could be measured only by a milliam mo ter. When lu) vapour wus intro¬ 
duced In k, there was absolutely no conductivity even at tliti highest 
temperature. 

These ex23eriments prove in a (jualitativo way that vapours < 50 JiHiHting 
of atoms can be made electrically conducting by lieat alone, und the 
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ooinlunliivifcKjs incroano ns oloiiiaiits with lowor ionisation potontials am 
taken. Qunntitiitivo oxiau'inionts aro nnioh morn difUciilt to carry out* 

313. Ionisation in a Mixture of Gases.— It is ])rovocl in 
troiitiso on tliorinodymiinicst that il a siibstanco UlaiNHjCI dlsHo- 
ciatGH into two ooinpononts, .NH;j and IIGI, and tlnni on(‘, of tlio 
])roduotH of doconiposition^ say 1 fCl h(\ added iu oxc<iss, tho doi^roc 
of dissociation of Nll’iCl is conskhirably suppressed. T\\i\ analo^^ons 
phenomenon in ionisation was discovcnid by A. S. Kinp;, an<l follows 
from a direct np])lication of RusselPs formula (17), p. ()53. Ca was 
takoji in a vaemnn |vraphitc ttda\ and luuitod to 2000^?, I^ho 11. and 
K linos indicating the pv(^s(tnce of Oa'*’ were obtained in (sniission. Now 
soiho Os was introduced into the favnaccs audit was found that the 
I I, K-lin(‘H had (somph^toly disappeared, or the ionisation of calcium 
has be<m almost completely suppressed. As caesium has a very low 
I. P., it introduces a veuy hirf »’0 excess of electrons in the reaction 
spacn^, luaua^ ionisation of Ca is siii)])ross(5d in accordance with c(|na- 
tioii (17). 


A nnnndeal calculation will make tho point {lonr. The ionisation 
Cornuila may he written in the form 


U f 
■ilu 


( 


2Kvik \ 

hi ) 


)l 

T- fi 


■xlle'/’ 


(//„/////„). 


Wnhsliitutini^^ proper vuliajs of (tonstunts, wo luivo at 2000*K, for eaktium 
rhnilUif^ 5 X 10‘» «;/(].'“• rr;), wherct x is tho fracjtion of eaicium 

atoms ionised; for (taesiuin, 7io Hi / Uu ^ co'/{\^ d'Hx 10 
wliero {?;' is tho fraction of (taesium atoms ioniHCid, 

The mjtiial numlatr of ehuttrons per c„c. will diller iKuiording as we 
inive pure (tahtium in tlio fnrniU5(j or introdiute caesium, It we liiive at 
first only (ialeiuin, and suppose it exetrts a pmssuro of I, atnioH,, wo ohliihi 
since pressure is n (l-l-a;) (j^^numher (d calcium atoms por c. c. to 
start with), n'=^37x10 Nowfl^is/^iven hy the relation 
(since ru is small) *=» hx 10^ from whicli m ^ <tx LO”'^, ami tho niunhor of 
(!a+ atoms as well as of Into electrons per c.(5. is equal to I f)X 10'2, Now 
if wo introdiKJO (ja(ts linn, and it also exerts a pressure of latinos,, we get 
^ ,P14X 10“’^ X TJie number of free electrons is now 

nearly 300 (^4*2x lOVl'hxK)^^) times iiieroaBed, Biiiee Ue Ut constant, 


* Langmuir and Ipn^nlon IPron, Roy, A, 107i 61, 1985) hnvo 
sliown that the thermal ionisation of Os-vapour can bo found from moasuro- 
ments of positive and nogutivo omission from a tungsten lilamont in a 
vapour of C/S. Nor further worlcs stu) Mayer, Ann, d, 4, 367, 1930. 
f See, for oxiimplo, A Text Book of flcal by Baha and Brivastuva, p. 45. 
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tlio proportion of Ca+ atoms will bo ubout JlOO titnes fUniinisiiod, ie.j tb(^ 
PI, K*linc8 will now dlsuppear. This was actually fouml to ho, tluj caso. 

This also explains the phenoinonon observed by Pasclicn tluit 
if an oleinent under sonic condition of excitation fi:iv(is a spocd.riini 
in whicli neutral lines and enhanced lines are freely mix(‘d tf)j[>*etlier, 
the enhanced lines can be almost ontii’oly suppressed if some more 
easily oxcihiblc olcniont is introdiico<l into the reaction spm^e. 

Tile luothod is now extensively used in rtio Mount Wilson 
Solar Observatory for separating’ linos due to the suee.essivt^ stages 
of ionisation of an element, h^or example, let us talv(^ the rare 
earths, They have L P/s varying from b to 15 volts, and in the 
vaenum furnace, even at the lo^yest temperaturos, tlu^ arc limns and 
the S])ark linos appear mixed up. In siicli ca*ses King introduces 
some Cs-vapour. The ionisation of the rave earths is sn])]>ress(Kl 
and we get only the arc lines. 

314. Stark Effect,—Shortly after the discovery of Zcaanan 
IClfect in ISOfi attempts were made by Zeeman liimself and otlnu’s 
to (incl out whctlier there exists an analogous electricjal (dlect, tliat 
is to say, whether spectral lines are detjomposed into components 
wlion the source is placed iu a strong electrostatic fiold. For a long 
time the electrical analogue ol Zcenuu) elTect could not lx* diseovertMl, 
It was only in 19.115 that J. Stark * succeeded in proving that Ihiliner 
linos omitted by tlie H-atom in strong electrostatic fields nrc split ii|) 
into several components. 

Reviewing the causes of failure of earlier inyt'stigators, w(^ find 
that they were duo to (i) absence of ])ro])er teclmi(pie, (ii) to t)m 
choieo of elements other than liydrogen for oxperimenlntion, A 
strong electrical field must be used, but it is difficult in tlie ordiiuivy 
discharge tube to seal any subsidiary electrodes between which any 
strong field can be aiiplied because the space is too (u)nducting and 
short circuiting talccs place between tlie electrodes. Stark ov(u*- 
came these diflicultios by utilising his knowledge of tlic tcchniqne 
of the canal-ray tube. .In this, discharge takes place between the 
anode and perforated cathode, iu a space where the pressure is 
not very low. The positive particles stream through the orifices iu 
the cathode and the space is filled with cliaracteristic radiation of 
the gas. Stark used a cathode with fine boros so that a difference 


'M, Stark, Ann. d Phys., 43, 905 78B, lOU, 
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of pi'oswiivo, could be nuiintaiiied Ix'twccii tlio positive ray spa{i(^ and 
(liscl^a^^'c space. The pressure in tlie first was aboiU; innx, Avlnb^ 
in the second it was about lO’*’' nun. (no discharj:?e state)* lie found 
tlmt under this condition a third electrode can be scaled behind tin? 
perforated <^athod(^ and a hipfli field can b(‘ a])]>lied betw<Kai the 
cathode? and this eh>ctrodo. His arnin]^'eni(‘nts for viewini^ tin? 
(Mnission of li|i;lit piirallel and t)orpendioular to tlie direction of tin? 



Fig. lid, Ai'>'«nKi^liU!ia for oliBi^rvIng {«) I.oiigitudliml nml TrtiiiHVtfrHo Hault offiiclB. 


field is shown in the accompanying diag'rains (li'ig* i{2)* 'l^ho third 
olcctrod(s being within the cathode diirlc space, no discharge tak(}S 
place between ¥ and C. PoHitivc itins accelerated tbnaigh (.) pi<dc 
up an <de(Jtron on their way in the space between ¥ and (Tand t!n?n 
tlioy revert to tlu? normal state after omitting light in that sjjacc, 

Photographs of Starlc-effect-splitting of IT^, -lines 

obtained by Marie and Wioi'l arc rcpivnlucod in ll'ig, 3?!, Plate X. 
Th<? results obtained by Htarlc and others for Hydrogen can bo 
summarised as follows:— 

(1) Every Bahnor lino is dcconipoHcd into a number of compo- 
n(‘nts and tins number inerenses with the series number of the line. 

(2) When viewed iu a transverso direction, the lines are found 
to be ])o]ariscch some parallel to tlic direction of tlie field (7t-com])o- 
neuts), some perpemlicnlnr (^-components). 

mark and Wiorl, Ka. 53, 526, 1020; 65, 150, 1920; 67, 

Am-, 1020. 

K 80 
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(3) Whon obsorvatioii is in a cUroctioii parallel to tlio fiold, tlie 
jt-GOinpoiicnts arc invisiblo and tlio cf-conipononts arc found to bo 
un-polariscd, 

(4) Q(3nerally the strong* jt-componciits Ho outsido and strong 
tf-compoiieiits lie inside. 

(6) In the ease of hydrogen the splitting and polarisation is 
geiiorally symmotrioal about the original lino, but for lines of otlior 
elements they are general ly nn-syinmctricah 

(6) The distances of the components of hydrogen lines from 
the centre measured in frequency units are integral multiples of a 
certain unit which is proportional to the Held strcngtli and is the 
same for all lines of the Balmer series. 

A little after tlio annoiincomont of his discovery by Stark, Lo 
Siirdo * found that the same effect can bo observed in tluj faint light 
emitted in the cathode dark space. A glance at Fig. 3, p. 45, shows 
that in the region of cathodic glow, the ])otential changes very rai)id- 
ly. ^Flio electrical field is therefore vei‘y great, Lo 8urdo found 
that if the pressure bo so chosen that the lengtli of the cathode dark 
space is between 1 and 10 mm, and if the potential difference and 
current are sulficiently largo, the light omitted shows Btfirk splitting. 
In this method only transverse observation can bo mad (3 and as the 
fall of ])otcutial is not uniform throughout the space, the separation 
is not tlio same at all points. The Hp(K3troph()tograph of Ha-line 
taken by Fostorf using a modified Lo-jSurdo tube is roiiroduccd in 
Fig. 34, Plato X, 

315. Theories of Stark Effect-—Unlike Yeoman TCffeet, 
Stark ICffoct cannot bo explained by classical tlieorios. Shortly after 
StarlPs discovery SchwarzscMld:|: and ]fipBtein§ showed almost 
simnltmioously that all the observational results could be almost 
completoly explained from SoimnorfehVs orbital tluiory. ^j?hiB was 
naturally regarded as a great triumph for the Ciuautum Theory. 
An account of this theory is given below. But a very rougli 
and preUminary calculation may be given which enables us 
to make a rough guess about the magiutudo of the effect to be 
expected, 

*Lo Siinlo, Pkys, 13:^, 1024; Limni 33, 1.17, 1011; 

N. Otnu, 7, 335, 1917'. 

t Foster, Proo. Roy, Soo, A„ 133, 108, 1920. 

t SchwarzHoliikl, Ihr, d. Proms, A/cad.y 518, 1016, 

§ Epstein, An?i. d. Phys,^ 60, 489, 1016, 
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Wo hrtvtj Heen that the negative oiiorgy of tho electron moving iinclor 
oontml charge Ze is given by wliero « is tlio radius of tho orbit. 

Ills may be put as 

]j) ^ ^ ea eZIa"^' ^ ^ ^ eaF^ whore F ^ eZja^ 

I the radial field In whioli the electron moves. We may suppose that 
hen an cxtoriuil field F^ is introduced, tho change iji eneigy is 




i aea F^ , or Av — i a/h . ca Fz 


boro a is a ntiniorical eonstnnt to be determined. 

Now wo have a ^ cMnZ, Plenco we luivo 

h r. ... 


Av^ a 




AVo shall see presently that tho actual exprossion is very similar in 
^poaranco to tlie above. The natural fiold strength duo to the nucleus 
; a distance a is given by {a—a^n^y « radius of tho normal li-atom). 


F 


,, 4*77 X10-10 

a2" 






5*13 X 10*^ volts/cin, 


Tlio highest field used in tho laboratory is of tho order 10® volts/cm. 
0 Av <iuo to tho fiold is of tho order .10** ® times tlio v of the lino. The 
lark Kfrect splitting under a field 10® volts/cin. is of the order of t0cin“b 
^jice it is of a larger order of dimension than tho Zcoiuan splitting 
Hainecl witli tho usual fields, 


Tho earlier theoretical investigations of Stark IfiffiDot on Qiiau- 
im Theory as carried out by Epstein were on SonimcrfckVs lines*, 
have seen tliat tho success of this method depends upon tlie 
.'oper choice of the coordinate system wliicli can lead to separation 
: variables, Epstein showed that tins can bo done by tlio use 
• ])arfibo!ic coordinates, But though tho results obtained are 
lund to explain the observations correctly, tlie physical points 
•0 not so dearly brought out, For this, wo may turn to tlic 
tornativo method of Bohr who uses the method of perturbations, 
give short accounts of both theories. 

A , Mimioi) OF ICpstfjn, 

Lot the nucleus bo the oi*igin of coordinates and let the dircc- 
)n of the field bo chosen to roprosoiit tho z-axis. ^J'lieii with 
vforence to tliis axis and a plane of reference passing through tho 

SimuUuneously with Epstein, Schwa rzscliiId deduced tho same result 
^ tlio neo of angle variables {Beri SUximgshcrichley 1016), 
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axis a point P niay be denoted by cyluKUdeul eooftUiiJitos, ^ 
such that 

«=: ds*^ dx^ + + P*\/0^ . . , (83) 

Let us now take any (;«p)-plane, juid rophice x and p by the 
parabolic coordinates g and t], This can bo done by pu ttinii; 

X + ip ^ U'Jf + (38) 

Equating real and imaginary i)arts of (Mpiatioti (33), we get 

.(34) 

JCxpres.siiig n in 
terms of § alone and 
q alone w(3 g(it 

. (35) 

2r| , 30) 

ICqiuition (35) rc- 
prosentH a set of 
parabolas with their 
axis along the negative 
yi-direetioii and iatus 
rectum ==-3? and equa¬ 
tion (3(1) indicates a set of ])araboIas with their axis along the positive* 
z and lafcus roctiun=;s3 r|. ^Plie focus is common. It is thus ehuir tiiat 
(?, 1 ]) define two symmotrically situated points in {z p)-])hme. Tims a 
system of values I, q, ^ may be used to represent all ])oiuts in space, 
The potential energy of the electron moving under a central 
Couloiubiaii force and in a space whicli is traversed by a constant 
electrical Hold F along the z-axis is given by 

- -f - + . 057 ) 

-®km= i m [*" -I- -I- P'V^I.(38) 

Hence the total energy W is given by 

\m \x^ + ;>= + ~ ^-1- .Fox 

.' r 

Expressing IFin terms of g and wc get 
W^hn li'(H-ii/?)+iiHl+|/il)+4?Ti</."i - +k oFil-n) (3S)) 
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W(! llllVO now 

_ n' m 

~ 9f' ™ 


f ’h):. 'dT__m 

j.(H- -5^1 


l-fHh 


= VI g n 


Hiib.stitutiiig till! vsiIiiOH of pj:^ p,j iind p^^ wo omi |flv(! to 
(Miuiituni (ii!)) t!io I Luiniltoiiuin form : 




.- 1 . W . V 

ii/§) {i-l-?Ai) In 


(I H- n) 


1 ( 
2m 


- 1 ' 


~ ‘i(i^viZ~\- m(} - i)“) 

\V(( liiivo to iiMo now, iSoininorfold'H qimntum coiKlittoim: 

(I 


. (<I.O) 


y/i/ij j)p^^ilh~-‘‘hh . . (4.1) 

Hiii(!(! IK{lo<!.snot (iontiiin <l> explicitly, it is acyoluKioiu’diutito, so that 

.(<i:3) 


7V 2^' 


I (40) b()<M>Jnos 

"" “ ssiT,) [«"t’'V+ 

.(40') 


Now tilio viiviablos mn w^^piimtod, Wo Imvo 

4" mr\W + i3 mv^Z ... coiintani; 13a , (40) 


4in>,/ 


iSo tlmt 


and 


p^ -I- 'J |4 p -I- Jh^ 


(■h 


p^^^A,-V-2 f -I- ll'-f Ih^ 


0, 


wlioi-c A « yli -yla - i mW, - “ K 

/>, =■ — Bi’==={{mo^Z-\-a), Z~ a)J 

<1: <L 


(40 
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TIic first and second quantum conditions giveu in equation (41) 
take the general form 

. . (4(1) 


^ \/a + 2 Bj% + + m . di 


7ih 


The above elliptical integral yields (see Sominerfeld Alomhnu, 
4th cd., p. 779). 

-a(f 

Henee B = A^ S (^“ ^) ' ' ' 

Since the term in I) is small, we can neglect it to find the value of 
B^ IA to the firet approxim.ition. The equation (47) then reduces to 

Sub.stituting now the values of B and B from equation (40) and 
adding the two eqHation.s thus obtained, we get 

ar, .i r ,^1 bH±nM , meJP r II (n ,«- 
,m'Z-A^ [4(7>- - - \+-jj [-g -i - 

1 .(49) 

2 jc J 

To the first n]>proximation the correction terjn involvinpj 
may be neglected, so tlnit 

Ihmi tins, it is clear that /n +91^ + X«=92, the fcoUtl qiiantnni number. 

Substituting the value of A in the second expression on the 
riglit hand side of cciiiation (49), we get 




1 2 
2 Irn 




Hence 1F= - 


2nVZ^ 3A* 






♦ (n2^^h) 'ii 


(no) 


There arc many points in the above treatment which have not 
rccoivccl adequate exjfinnations such are, for example, the shape of 
the orbits and the limits of integration, etc. For these, tlio original 
papers may be consulted^ We see tlmt the original elliptic orbit 
may bo inclined at any angle to the axis of tlie external field as 
shown in Fig 40, Hence X h sin (3, where Ic is the assimnthal 
quantum number and p is the angle between the axis of the field 
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and tiu) orbit. I tia tliii.s oloav that Xcau have all valuoH froiti /.•. 
k-i, . . .If wo OHO wave mcohanics it can havu all 


'll ■'“'li-'iinlhir/i,) 



Plff. no. Tlio IrniielUon illnitrniii nliowinif (he ocIkIii of Klnrk-naitot ooin|ionoiUB for lltt. 


valnoM from I, l~l .to-/. X is thoroforo tho coiupo- 

noiit of tho /-((uautum niiinber resolved alonp; tho olcctrio axis. 
Since tho total (|iiantam mnnbor -|-« 2 -|-X, wo find that Hi and 
Ka should always bo loss than n~ 1. vVn apjilieation of tho Corros- 
pondcnco Principle shows that thoro would be a scloction i>rinciplo 
given by AX = d: 1, 0, Tims though X does not ajipoar in IF in 
equation (60) it controls tho transition.s and thoroforo limits tho 
numbor of comixjnonts and dotormiues their polarisation. AX = 0 
gives ns .spectral lines linearly polarised jjarallol to tho field. 
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AX ” i: 1 givos two lines cireiilarly polarised in the ])lnno nonnal 
to tlie fielcl. The origin of the components cfilciilntod according to 
formula (50), and the selection principle just (lisciissed is sliown 
in the accompanying diagram (Pig. 30). 

Eicphnalion of (he Diagram ,—From formula (50) wc» that every 
level 71 is decomposed into suhdcvols given by all possibh; values of 
7i2—7i]^Sy which may be c^lllGd the Stark FjffeM (]tta7iiti7n ^minber. The 
values of 7^2 given in the second column. Thus for 3 the ?i 2 ‘VahioH 
aro 2,1, 0. The values of 7ii for each of tlm dilloront; values of arc 2, 1, 
0. The possi!)lo values of -7ii arc shown in tiu) fourtli column ; for 
any value of w-1, they range from 7i--\ to-(n-l). It is seen that any 
subdevol given by n particular value of 712—71] may arise from dilh^nmt 
combinations of and7^2, Thus s =^2 arises only in one miyt in 
two ways, in three ways and so forth as indicated in tluj diagram l)y 
the dotted lines, Tlio fifth column gives the aopanitious in terms of the 
unit SFh/8ithm, Tho figures under X on the right hand side show the 
values of X calculated from the formula X (?«i -1-1). It is seen that 

if a particular suhlevel arises In a number of ways, there arc an ocjual 
innnborof values of X,and corresponding to any positive value of X, there is 
ahvays n negative value. The transitiojis for k ajul o-components run! tho 
separations are shown by Iho vortical strokes. AVo find that for every 



riff, tt?, ItiUii'oplioto^rnm of Starlf ooinroixtMtA of IIn 

AX^d-w there is a transition for which aX=H ence when tho 
offecL is observed lo7igihidinaUy we get two sets of op]:>ositely ])olans(‘cl waves 
of the same frequency emitted by a largo number of excited atoms, so tho 
rosulthig radiation appears to be 'unpolaiised. This is in confci adistinction 
to tliG case of Zeeman Effect where tho frequencies of tlm right Imndec! 
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» Obs.^(F«) 11 

Calo.(Sch} I 







F. 84 


OnlonlnlcHl (tint oliBci'ved lntoiiB)ly-(ll8trlbittloii of UieSlnrk flVccl componuiitB of 
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tind loft Itiiiided (ioinpoiioiUH nro tlilRiroiit iiiid tluirol'oro thoy cnii be 
(listiiiguished from oacli othor. A niicropbotograpl) of tho Ha lino taken 
luuler a iield of 250 kv/cm. by Murk und Wiorl in shown in IHg. B7, 

As far as tho Bulinor linos arc ooncoriiod the oxporiinoutal 
results were found to be in complete accord with tho theory. This is 
shown ill Fig. 38 whore the calculated and observed intensities 
of tho components are given. But in the above calcnlatioii tho re¬ 
lativity effect as well as the spiu-interaction energy have boon iiogloct- 
ccl. Tliis is justilicd because the hold used is so grout, that the Stark 
separations arc many times larger tlian the fiiio-stnictiiro separations. 

Thus the natural distance between the rod and violet components 
of Ha is ‘366 cni" ^, while tlic iiuit of separation for Stark cirect tuulor 
a field of 10^ volt/cm is 2’82 cm’ Tho oxtroinc separation for 
the componont.s of Ha may be .16 X 2’82—4<r8 enr ^ Tho Stark 
effect separations are loss than natural .separation, only for fields 
of strength 1000 volts/cm or loss, but under sindi low fields the 
splitting follows more oompHcatecl laws (i^316), 

B. Bomds Mm'HOD 

Wo now propose to give an alternative treatinoiit of 8tark olFoct 
due to Bohr which bring.s out the physical picdiiro of tlio process 
more vividly. Bohr .showed that the first-order Stark effect energy 
may bo considered as the energy of a pormanont electric dipole in 
the electric field, Our electrical system in tho case of the hydrogen 
atom consists of a nucleus and the electron, It is clear that as long 
as tlio electron revolves in a circle the field energy (the energy 

of the system on account of its being 
placed in a uniform field) of ilio system 
(electi’oji and proton) will vanish, but 
this is no longer tho case when tho 
orbit is an ellipse, In fchi.s case it 
can be shown tliat the field energy 
is A f mcF sin (3, where a and e 
are respectively the major axis and 
eccentricity of the orbit and (3 is the 
angle bcfcwooii tho axis of tho field and 
the axis of fclic orbit. ^I?his can be 
proved as follows: 

Lot 0 bo the nucleus and OZ bo the direction in which 
tho electric field F is applied. With O as centre draw a 
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unit sphere. Let QPA be the section in which the plane of the 
orbit cuts tlUi unit sphere. The polar coordinates r and 0 of the 
electron in its orbit and tlu^ angles X* p and a are as shown in Fig, BO, 
Let OP bo Ihe line joining the nucleus and the electron whose 
coordinates at any in.stunt are 

1?he potential energy of the system when the electron is on the 
line OCi is givciv by 

ij) — Fe Xo r cos X 
From the spherical AZQP, wo have 

cos X — cos 0, cos p + sin 0, .sin p cos a 
Thor(vforo iji = Fe r [cos cosp + sin 0, siiip eosa] 

==* Fe IE cos P + T) .sin P cos a] 

Av<invgc ])otential energy of the system is 


\\} « Fe 11 cos P H-1] sin p cos a].(51) 

^ whore E ^ f E il’ = ^jy f ^ dt. . . . . , (52) 

l> 0 

The ])oint (E» ^i) in tlio i)lano of tlie orbit is called the eteeirical 
centre. Acciording to th(^ geometry of the 
ellipse if ?/ =« ^PCN eccentric anomaly, 
and mean anomaly m ^ ^kI/T we have 
the following relations from Ifig, 40* 

E == r cos^ DO 
*=* 01) - CO — a (eoH n - e), 

7]^^ rsin^^^QD^^ h sin?^ 

m ==* nl .sin n. vjg, -lo 

where n ^ 2jt/7^, 7'being the period. 



Hence I 


1 / 


c coH v) dn ^ 


- 1 A . 

'n=^ nin u (1 -- e cos t() du ^ 0 

u 

That p — 0 is otherwise evident from symmetry. Thus the electric 
centre is a point on the major axis midway between the centre ami the 
empty focus, Hence tlio average energy due to the field is given by 

\\i ^ E (^F cos p -2 (iBC cos p.(58) 

In BohPs perturbation theory, it is shown that the average 
])otGntial energy of a system subject to any periodic eociilar 
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perturbation does not vary with time (Sec Birturistlo^ Quantum 
TheoryT, § 133, from wliich this trcatinoiit is udoptecl). ^^hercforc wo get 

- I az cos p — — const.(54) 

Tlie above equation shows tlxat the projection of: the electric centre 
on the OZ-axis is a fixed point, so that the clcctrio centre would 
move in a plane z ^ 1 as cos p norjiial to tiie direction of M 
Although all — const, e cosp is constant, the values of s and p 
are not constant To obtain the final solution, wo proceed in the 
following manner: 

Wo shall find out the frequency of tlic motion of the electric 
centre duo to the perturbing electric force and also tlio geometrical 
shape of its orbit which will lead iis to the solution of the problem. 

Let the coordinateB of the elective centre be (aj, y, x). Then 

..( 55 ) 

TUc angular momentum of the electron mr^O = mA 

It 1ms been sbowii on p. 160 that A 
where n is the foi’ce per unit mass and I = Intua rectum (1 —e**). 


Hence the angular momentum = jn a (1-e*) . 

If X, p, V are the components of the angular momentum 

= 0® ma (1-6^). 

Substituting the value of e* from (57) in (55) we get 
8 I s I 2 li X* + p*+v®) 

x" + ']r A =-r- -T-}• • • • 

'' i \ e, ma j 


. (56) 
. (57) 

. (58) 


Since the resultant angular inoinentuni is perpendicular to the 
piano of the orbit, we get 

+ + .. (59) 


Now, we have 
Therefore, 


IX P. ''1 t?'- mv] « [?'. F] 

i =« eFy„ ; p = - eFx^ ; v == 0. 


Now let the average values of the differentials of the compo¬ 
nents of angular momentum be denoted by A^ v' so that wo have 

l! ~ eFyg<= cFy ’=-eFxa=‘—eFx, . . - (60) 

Differentiating (59) and averaging over X and p wo get 
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X* -1- n?/= - i;d' + ?/|x') =-0.(5*)') 

Didorontiuting (58) and substituting tho valiu! of X', g' from (liO) 

[)nF , 


axe + yy (X?/-na:) 


«il) 


ICquations (5!)') and ((iJ.) yield 
\)aF 


x — 


, • \)aF . 


Tliorcforo, 


«/' / , •• !W«' 

X = M- i«>d ?/ ■= ~ i.A . 

4we ^ 'IJHC 


<)«?’ 


(oa) 


(53) 


Solving the differential equations ((>2) w(! get 

X =“ A. cos(25t oifi -|- a), y ~ B cos (2aa)/-'il -h (i) 

, « 

Avhor,! ( 0 ,. = Jy ^ 

Aecoriling to equation (5), 

]). 324, a #i"/i'V4jt*cS« 

,, WF.nh 

Honco (Dr = - - j--- 

me 

It is clear from equation 
(03) that tho path of tho electric 
centre E is an ellipse with 
its centre on the z-axis as 
shown in Fig. 41. Tlic pei'iod 
of the secular change intro¬ 
duced by tlio hold F is con¬ 
siderably smaller than tho period of motion of tho electron in its 
orbit and therefore Jiolir uses his Perturbation theory with com¬ 
plete success for determining tho energy (ihango in this doubly 
periodic system possessing frequencies (o and Mr. 

According to Bohr’s theory {uide chapter on Liyld and Mailer) 




A IF- 

coSr/d- (Dr 8,7r 

wlioro 

6,7 - 

'uli and 6f/F ni' h. 




Since 

(D =* 






■ AIK- 

1 ,‘ir . .te> 


4jt°?we'‘ 

■»?F' 


, UV 

+ . n n„ 

Bn^mc ” 
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Since = e cos (J wc sco that the umxiniinn valim t>l 

71 Jn is equal to 1 and this ]iaj)pcns when S'-!, r.i\, tli<‘ ofhit, is 

a parabola or a line passing through the nucloii.H. ^ iSneh ()rlnlK urn 
however not possible, as already discussed in Si 75. Hence (lie 
niaxiniuin value of is equal to n 1 and on aci.niint of (.o.s ($> it 

can take all values 0, ±1, i2» •. • , 


316. Further Work on Stark Effect. —iS'i'Aitic lOri'ia t ni' 
H-mnes fob Weak .Field. The reader might have noticed (iertniii 
peculiar features in the trcatinent of Stark .iLileet o( ll'line.s. 
As was shown in § 178, any level in the H-atoin (listingiiisluul Iiy 
the total quantum number n consists of a number of .siib-IevciH 
having characteristic values of I and^. In the proHOiit treatinent no 
account has been taken of I and/, but new qunntiiin luiinhcrs Imvo 


been introduced whose interpretation is entirely (lidereiit. 'riic 
quantum number X is in fact equal to /cosfJ, aticl it is (iliereforo 
equal to the projection of I on the axis of tho tdcctric Held. 

As has been already mentioned the treatmoiit i.H not jii.stin(!d 
at field strengths below 5000 volts/oin. Thi.s <*.a.so is, liowcvtu', 
only of theoretical interest as the Stai’k splitting under (Iicho 
cireiimstances can hardly be observed. Kr.amcrs’*' in'oeeeding from 
SommerfekVs theory of fine-structure of H-iiium shownid tluil. 
in this case the formula for energy change is givou by 

f. 1 


A/i’s hf, 


B a^Z 


111 iiinTiir 


where /* = 3 IiF /the unit splitting 
a fine structure constant* The exact expression 






A long discussion of the deduction of this formula in to bo 
found in H. d, Physik, 23, §28. The reason for tho iibsonce of a term 
proportional to F’is easily explained. When tho field is .strong, 
is much larger than tlie relativity procession and the eldotrieal 
centre of gravity lies always on one side of the plane ((fig. 41.) 
through the nucleus and perpendiculai’ to the field. When, how¬ 
ever, (Oj, is very small compared to relativity prece.s.si<ni, the cl(>ctri('.}vl 

centi'e is carried by the latter first on one side and thou on tho o(;her 

side of the plane so that the first order tei*m is once positive and then 


* Kramers, Zs. f. Phys., 3, 199, 1920. 
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negatives md tlio tinio average is zoro. T\\v. Kramers-treatment 
is, however, only ol; mathematical interest, us the nsamniition on 
wliich it was bascKl (relativistic interpretation ol (ino-structnre), have 
be(m foutid to be insulficient. Schlapp* and llojanskyi' have ^^iven 
treatments of tlie case from Dirac^s relativistui theory of One 
striietiive of H-liiies. For this orifi'imil papers may ho consulted. 

It is found that after tlio line-stru(dure limit is passed the 
splitting is up to certain rauf^o proportional to F us dis(iUHsed in 
§ Bid- and § Bir), lint if the field is further iiiereascal tluj Hi)littiiiK in 
no longer reprosoiitod by the formula (50). Takamine and Kokiibuf 
showed in their investigation of the Stark elleot of the 1lines that 
tlie central a-compommt now becomes unsyjnmetrical rohitiv(i to the 
unshifted line, 8ommerf(5ld§ showed that these results are ai)i)roxi- 
matoly explained by the secmiid order terms in F deprived by 
iOpsteiii II from the old (riuantum ^I’heovy. Lat(U’ a number of 
work(u%s1f s1iow(kI from A^'^ave'-Mcelinuics that the energy W of an 
atom in an electric field may bo expressed by 

TK- Wo + WiFd^ W^iF'^ + WnF‘^^ +. 


wherc^ Wo re])resents tlie eiujrgy of tluj atom in the absence of the 
field. 11 ^ 1 ./''’may bo called the energy of the first order ellwt, W 2 F^ 
of the second order e(lb(’,t and so on. Tho oxpr(S8sion for IKi has 
been already given. Wo luive 

...... 

i() (iKY' 

VhiH (3X[)r(fssion can easily be sliowii to bo equal to 


TK 


{n2-niY-\)V d- lO} 


- - (w2“wi)'-s)-I- li)} . . ((id) 

'Llie seoond order 8tarlc fCITcct can be eonsuhired iis the field 
energy duo to tlio poiarisatiou o:li the atom when plac<»d in an elec¬ 
tric field. In §27B, wo jnontionod that this energy is W - J F'\ 
JCxpressiou (fil) may bo oonsideivKl as the quantum moelvuueal 
average value of for the H-atom. 


Behhipp, Proo. Ihy, Soo. A., 110, BIB, 
t liojansKy, Phy, lM\s 33, 1,10!^0. 

t Talcainino niul K. Kokuhu, Proo, Tokyo-Malh, iSY)a, 9, BOd, 105, 1918, 
§ Sommerfckl, Aim, d, Phya., 66, B6, 1981. 
i( Epstein, Ann, d, Pliijfi.^ 61, ISd, 1916. 

11 G, Went/.ei, Zs,f,Phys,, 38, 518, 1986. I. A Valle r, Zs, f Pkys*, 38, 
636, 1986, P,S. Epstoin, /%«. iiev„ ^8, 695, 1926. ; 
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Stark Effect for nok-Hydrogenio Atoms. 

It was known from the early experiments of Stark liiinsclf tliiit 
almost all fitomic lines show Stark Effect, but generally the splitting 
varies not as the first power of F but ns the second power of F, 
Eoster^^ showed that in non-hydrogenic atoms, the first order offeef; 
begins to become prominent at comparatively large fields, 'riie results, 
perplexing as they may appear, admit of a simple physical ex-phuiation. 
We have seen that in the case of elenionts other than hydrogen, tho 
orbits can be broadly divided into two classes (i) penetrating orbits, 
(ii) non-penetrating orbits. It is clear frojn §271 that for pemdrat- 
ing orbits the first order Stark Effect would be entirely nbscuit 
because for the outer part of the orbit the electrical centre is on 
one side of the micieus and for tho inner part of the orbit it is on 
the opposite side. The potential energy due to the dii)olo inoiinnifc 
therefore vanishes when time average is taken over the whole orbit. 
If the field be sufficiently great, the outer part of tho orbit may bo 
so distorted that the additional energy may bo greater than tho 
energy contributed by the inner orbit. In this case the first order 
effect would begin to appear even for penetrating orbits. Eor non¬ 
penetrating orbits like Ad or 5rf of helium there should bo a first 
order effect even with comparatively low fields. 

Eoatert has made very extensive iuvcstigatioius on tho Starlc 
Effect of helium lines in a modified Lo Surdo arrangomcjit. llis results 
on tlio Stark Effect of I'D line is illustrated in Eig. 42, plate X. 
The reader will mark tlmt the field goes on ineroa.sing gradually 
from 0 at the origiii to 46'5 k,volts at the bottom. It is to be 
observed tlmt at higher fields the separations increase less slowly 
showing the imepondcrance of the first order eflxict. Besides a 
number of fresli lines appoar.s which arc due to forbidden transitions 
like and - '^E, Ah ^ ± 0, 2. Tho selection principle is 

apparently violated but in reality there is no violation as in strong 
fields I no longer exists, but wo have tho quantum number 1.^1 cos 0 
and the selection rules are 0. Eor further information 

s])ecial treatises:!: and original ])apers on tho subject may be 
consulted. 


* Foster, Proo, Roy, Soo. A, U4, 47, 1927 j 117, 137, 1928, 

•[ J. S. Foster, Froc, Roy. Soo. A, 117, 137, 1928; 123, 112, 1929. 
t See, for example, Smekal, Quanteniheorie (.1933), Kap. 3, nn, 403428, 
article by H. Betlie; J. Stark, IL rf. 21, 400, 1927. 
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Tabic.-—Lmimihn PotcMiai^i of 


Kleinent 

1 

n 

III 

IV 

V 

VJ 

1 

Ti 

13-530 






2 

H(i 

24-405 

54*144 





3 

Li 

5'8C4 

7r)'25G 

I3P840 




4 

Bg 

0-27G 

i 18110 

158*108 

21C-028 



r> 

B 

8-2i5 

2-f998 

37-740 

258-028 

3!)8-o25 


G 

c 

11*208 

24*260 

47-Bii7 

G4-IG9 

890*018 

487-550 

7 

N 

1A4G() 

29-148 

47-201 

77-038 

97-397 

549-081 

8 

0 

i.3*r)49 

84*041 

54*025 

77-0-2C 

113-298 

f37-4-21 

9 

P 

17-4 

31-81 

02-35 

87-34 

156*869 

184-2GL 

10 

•No 

31-49 

40-90 

08*2 

... 

... 

... 

11 

Nil 

5-113 

47-065 

71-307 

98-40!) 

187*088 

171. *874 

12 

Ms 

7*008 

14'950 

79*78() 

108*774 

IdO-KiG 

l85-5(iG 

Id 

M 

5-950 

18-733 

28*806 

119*8HG 

153-109 

1.89*847 

M: 

Si 

8'077 

10'2GI. 

: 88-8’i9 

44-915 

IG5-GG0 

203-835 

IT) 

P 

n-11 

19-78 

30-04- 

42*8 

()4'7 


10 

s 

I0'3l 

28*8 

34-9:1:-4 

47-08 

6)1 


17 

Cl 

12'9G 

‘28*15 

89*7 

.58*20 

(57-48 


18 

A 

ir>'69 

27*72 

40-7 

... 

... 


19 

JC 

4-32 

81*08 

47 




20 

Oil, 

0-09 

11*82 

51-0 

g!)*!) 



21 

Sc 

ti-o7 

(2*84 

24-3 




22 

Ti 

0-81 . 

18*00 

27-0 




28 

V 

0'7G 

1.4*1 

2G-4 

18 

64 


24 

Or 

6-07 

10*04 

... 

50*4 

7)1 


2o 

tVIi) 

7-40 

15*72 





.20 

Pc 

7-83 

IG'19 





27 

Co 

8-5 

U>*047'8 





28 

Ni 

7‘G06 

18*18 





29 

Cu 

7-69 

20*19 

29T) CO 




80 

Zii 

0-34 

17*89 

40 (?) 




81 

Ga 

r)'97 

20*48 

30-G 

6)1*9 



82 

Go 

8-09 

15*83 

34-07 

45*5 

^ 90 


88 

Aa 

10’5 

20*1 

28-19 

40*9 

6*2*4 


84 

So 

9-70 

21*59 

33-9 

42*72 

72*80 

81-4 

8f) 

]k 

IP80 

22*6 

25-7 

5l)'0 



80 

Kr • 

13-94 

24*4 

31-23 





*^ThG values arc in volts, calculated on the I)a8i8 of lilT) 1, volts. 

The^ values for olcmonts of varo earth and tranHlt[f)iial groups 
are \i\\Qprbmpal ionisation voientiaL% ic., those (jorrospondin^ to tiuj enor^^y 
required far the chango from the lowestoiKjrgy state of tlie atom in one 
dogroo of ionisation to tho lowest enovgy static of the next. For otiier 
ionisation potentials corresponding to changes hi^twiam various inetaHhd)le 
energy states of the atoms and tho ions see § I34G, tal)lo 44, of Cluip. XIV. 
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Tulile,—lonmtinm J'ofenlials of E/eiiieiil»—{ron/iI). 
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H7 

Kb 

d'lG 

H8 

Sr 

5-07 


Y 

or. 

dO 

7.V 

C'92 

dl 

01. 

t » t 

42 

Mo 

7'3r) 

43 

Ma 

, ,, 

dd 

Ru 

77 

df) 

Bh 

77 

d(i 

IM 

H-3 

47 

Afx 

7Ti3 

d8 

Od 

8-96 

dO 

In 

676 

m 

Kn 

7-3 

ni 

Sb 

8-6 

52 

'1'.. 

8'9G 

bH 

1 

■ t . 

5d 

Xo 

12-078 

55 

O.S 

3-88 

nri 

Ba 

6-18 

57 

La 

6-60 


11 

III 

IV 

27-3 

10-98 

« . • 


m 

iai)7 

20-0 

24-00 

-24-2 

33-83 

30-1 

10-8 



21-9 

10-84 

18-79 

14-6 

1 

Gn 

271)] j 
:J0f> 

2d:7 

29*5 

40-67 

440 

37-71 

21-1 

27*1 j 


23-4 

9-90 



11-38 

10*10 



VI 


72-0 


IClimusnli. 

58 (V 

69 Br 

00 TvM 

(-.2 Bin 

04 Od 

06 Tb 

00 Dy 

70 Yb 

iHtj.r. 

0-69 

6-70 

0*01 

0*55 

(;-05 

0-74 

0*82 

7-0(i 

lOlenienl. 

76 R(. 

70 Ob 

79 Au 

80 ilp 

81 T1 

82 Bb 

83 Bi 

88 Ba 

1st LB. 

2nd I. P. 
3rd LB. 

7-86 

8*7 

9-26 

10-39 

lB-07 

0-47 

20-30 

29-7 

7-96 

16-0 

31-6 

8-0 

6-170 


SoXMUIKH : 
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Zh. f, Phys., 89, 170, lOOi. (d) Nu—,Si: J. BOdmivist, Nova Ada Iku, 

8oo. Sc.; Upaala, Sr. IV, 0, No. 7, 19!!4. (6) 01+8, (a+3, 01+^: I. B. 

Bowoii, P/w/,s\46, 401, 1034. (0) Btiro cartliH uiid Irnnaitiomil elo- 
monta: Kolln luid Bi(!cardi, Phil, May., 7, 200, !920. (7) B)'+3: A. B. Jiao, 
Kriahnannu'ti, Fw. 7 V/?/a‘. 46, 631, 1934. (8) S«+:K. Il. Bao and 
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Easniusaen, Zs. f, Phys., 87, 007,1934. (12)En+: -«, 86, 24,1933. 












CHAPTER XIV 


COMPLEX SPECTRA 

317, Definition of Complex Spectra,—^Tlic simple typos of 
spectra liavG boon doseribecl in Cliaptora VIIT and IX. Tho term 
comple<c spedra denotes those wliicli consist of a Jargo number of 
lines amongst wiitch it is dilRcuit, at the first aight, to detect any 
regularity. A typical example of complex spectra is allbrd(Ml by dmt 
of iron shown in Pig, 1, Plate XII, reproduced from the plH)tog‘ra])hs of 
Fabry and Buisson. It consists at the first sight of an inmimemblo 
number of linos crowded in a small space and not adording any guiding 
features siicli as groups showing constant frequency differences. As 
a matter of fact over 6000 lines have been measured between tho 
regions UiOOO to ^2000, and with a tow exceptions (those belotig to 
Fo'^) most belong to the Pc-atom itself. At first sight, such a com¬ 
plex case seemed to balllc all solutions; but at the t)resent time, 
thanks to the light thrown by successive advanconionts in tlie quan¬ 
tum theory, the origin of majority of the lines is understood, 

318. History and Methods of Classification of Lines.— 

The methods which liave been used for tho classification of tho linos of 
Goniplox spectra are generalisations of the methods already described, Tho 
first requisite for the classification ot linos forming ooinplox spc(jtm is a list 
of lines which shoiihl be as complete as possible; such lists provided 
partly by Kayser, Rungo and Koneii^s liandbiwh (kr BpcMroskopic^ Xm\i 
in many cases, particularly for the ultraviolet and inframl rc?gions, they 
have to be supplemented by newer data, which are scattered over luimorous 
jounulls. Then the wavolengtlis are reduced to frcipiciKnes on tho interna¬ 
tional scale, and the characteristics of each lino as far us known are noted, 
These characteristics include data on intensity, behaviour in llmno, in arc 
and spark, the type of Zeeman splitting, and data on absorption. These 
are collected and properly utilized. A comparative study of tho boliuviours 
of lines in the flame, arc or spark* enable the work(3rs to separate the lines 
due to tho neutral element from those due to tho same element ionised to 
difTerent degrees. Data on Zeeman effect, wherever they could bo properly 
interpreted were found useful for fixing up the type of multiplicity {vide §215). 
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WhoncviM’ a rnrhiin f^mup of liiow oonUl obliiiiiu^d In jii)S(>i*pl,loji, it ’vviih 
nlnioHl oortiiiii that, thoy anmi^ from fiunUmnnital 

biUrlior wnHuirs liko Kyilhorg and I Hudson lundincMl ilioii* alitinU.ioii l-i) 
liinlInK K^'oiips of IIik^h poHsi‘SHini;* rmtniofi fmiumaf diffvmu^Pii, l.^Voiu 
tho amdo^^y of alkali and alkali in? oarLh oloin(?ntrt, ilMvan natural to ox|)a<?t 
thatHin^h linoa worn organically i^onnoi^tod, Tin? work of Paaiilnm on i\n\ 
<?laHsl(icatinn of linos of iu5on was a groat landmark in llio j)rogi*<?NH of tho 
subject. The spootrnin of noon oonsiats of about Hl)0 linoa lioUvoon X ID,000 
and ^ *J,00iK PaHohon Hhowiiil that, the linoa (?oulil bo arranged into Horioa 
\vhi(di h(? called .S's-/; and/ m-// aorioM. Ho diH(?ovon?d’i.v»i(?rniH, i()//4or(na 
and ILk/4(?rinH, {‘acdi H<?t hoing cointJosoil of llydb(?rg H(?<(UoncoH up to tin? 7t.li 
or the Bill inoinbor. rtucli a work in almost miparall(?l(?d for the brillinin^y 
of its ox(?cution, bi?(MUiHo it was done at a time when most of tho prim^iphm 
whi<?h lie at the basis of (daHsiihiution of <?oinph!X spoi'.tni worn utduinWii* 

319. Catalaii’a Claasification of Manganose Lines.'“Tho 
work wbiidi gavo ilio most powerful sUiuulus to t!m classilioatioii of 
liiHtH (if (-..mipU.x Hpi'ctni i8 duo T„ld(i Ir-himu^ in 
lo (Iiitiilim on lumlyHiH ()! miiUivlviU'’iit 
iJiu Hpcc.tnnn of umnganoMst {i.\Ualnn\ 

(Jatnlnn Hbowud (lint in thm 
Hpcclruni, gronpH of uHsmuatocl 
liiioH o(?(uir wliirli show the Huino 
foatunm ns llu? ;W-groiipH of two- 
vabmeo clonu?nls {vide p, UHH). 

Ah oxjdniucd nln’udy, tbis group 
is due? to ibo traimition Imtwccui 
three '/^"iorniH and tlireu 
t(?rinH giving riso (o (i lincH 
inHt(‘ud of 1), llu' remaining W 
Imiiig ox(dn<l(?(l by I lie Hehm.ldon 
principle for (be inm^r ([uantinii 
iiuinb(?r. daialan found that in 
tlie eirneof Mu, there were groups 
of lines wlilch wt^re evi<lt‘n(;ly 
eoiineel.(?<l in a .similar nianu(?r, but tho number in eaeh group wan 
nuieh larger. A ty|)ieal groip) of sueli liiu?H diseovored by (dalaluii is 
given oppoHLte. 

For d(>talls hw, KowlePs lieporl on S(\rm iSjwrlm (IDwi), ]>, H>. 

f'riie work was dom? at the laboratory <if rrof. A. Powhu’, fnipc^rinl 
(!olh?ge of Hcimieo luul Teeluiology, London. Ree M. A. (’atidiui, Phil, 
Tmufi. /b, No. 223, Vdl 




678 COMPLEX SPECTRA I XIV 

The wHYGleiigths, freQueiicies find intensitioH of tlio group ()f 
Jines fihown in tlie above pictoe are given below. 

Catalan showed that tlie lines can bo reprcsont(id as follows : 


Manganese MulUplet 
- jX 4018 to A 4084 
IV24880 toV24480 


Structure of the 
Multiplet 


Fig. 2, Catalanos Syslematlsiition of a group of lliu’a lii Mn*S]io('lriiin. 

It is better to represent this ftroup oi' linos in a tnbnlnr Form ns 
shown on the next page. In table 2, tlirec! imiltiphils are givem oF 
which the middle one corresponds to tlie linos shown in h'ig. 2. 

As is clear from the table, the thirteen lines iiri.so from (liUbi'- 
ences between two groups of term, one group .shown on tlio liori- 
zontal row consisting of five terms with tUo did'erenoes 117‘2, 

]69‘6, 22f)'9 and the other group consisting of six other terni.s shown 
in a vertical colmnii. From Zeeman ofFeet, it was later shown by 
Back that the five horizontal terms arc sextet rf-ternis, witli the Inner 
quantum numbers 

ii ft fi J) ■? = 1 1+2 I ~ I 8+1 [, 8~ s (.sextet), /“-•2 (('/-term). 

There are many other similar groups of lino.s wliiol) are duo to 
combination between these five d-torms, and other new tm-ins. 'I'wo of 
the.se are shoAvn, one above, the other below the miiltiplot treated here. 
The topmost multiplet is ''D-''Fthe lowest is "D-"?, 

It was later shown that the three nmltiiilets are due to the 
transitions 




Bd''’4s '■’D - StCdp "FDP 
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Tabh 2, — Calal.(m\s MiUHplats for Mn 


.[.N 

m-2 l()!)-(> 22l)\9 

«I). Da Da D. I). 

a 9 J 2 y 


4 

2 





2G03r)‘8 

26IU4'7 





4 

G 

2 



F,. 

a 

2ooo7-:i 

26t)7r)4) 

26li)2'<J 



4Si) 


r> 

h 

2 


F„ 


26027-OO 

2G 143*9 

26619'') 


7V4 ’ 



8 

0 

1 

I”! 


.a, 

26072’8 

26242'1 

! 26471'8 











0 

8 



i 

... 

26146'6 

26370-3 






iu 




. . . 

* ' • 

2G2G'0 


G 

2 1 




g 

24r)(ii-.i 

24460'! 




M'l 

G 

2 

4 



D:, 

•1 

24r)0G'a 

24r>7r)0 

24602'() 



80-H 


G 1 

4 

f) 


1 


2448rr2 

24CU2-2 

24771'? 


12 N 



G 

8 

8 




24481*1 

246ij0'6 

21880-3 

U,f2 




6 

10 





24r)07'4 

247H7'I 


4 

4 

B 




276220 

27G90-7 

27807*G 



108-1 


4 

G 

4 




27587‘G 

27704*0 

'27874'1 


Ui2'2 



B 

6 

0 

P, 

a 



27542*4 

27711-9 

27941'6 


'riio torin mulUpld is givon to a grouj) of lines wlucli can be 
arranged as sliown in the above tliagmni, The number of associated 
terms may be 3, 4, 5, (i, 7 or oven more: terms associated in i;ho 
above way form a family* The spectrum of manganese was found 
by Catalan to bo resolvable into families of terms, consisting of 
sextets (families consisting of a maximum of six terms) and quartets, 
and octets. 
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320* The Inner Quantum Number,— At this point Soniincr- 
feld’^ became acquainted with Catalanos worlc, and with Ids usual insigiit 
recognised in this work the key to tlie riddle of complox spoctm. Ho Inid 
already introduced tho azimuthal quantum nund)or k wJiicli speed lied 
tlie 5, p, (ly /'-terms. But some of those families of terms may ho donlile as 
WG have seen for alkali elemeiita, or treblo ns in tho case of p, il^ /'-terms 
of alkaline earths. 

Catalaida work on tlie Mn-spectrum showed that tornis may possess 
oven higher multiplicity, in the multi plot given on p. G'O, the number 
of rf-terms is 5, and the number of /-terms is 6. As more complex spectra 
began now to be class died, it was found necessary to coin a notation which 
will correctly represent the characteristics of these t(5i’ms, 

Atone timejthe following notation was used to denote tlie charaeterls- 
tios of a term j 

. here n is the total quantum number, r is tlm multi¬ 
plicity (r=sl for singlets, 2 for doublets, B for triplets), /ii=»Sojnin(jrr(dd 
azimuthal quantum nnmber,y-inner quantum number. 

The successive terms of a family wore disiinguisbod from each oth(?r 
by putting the inner quantum number, represented by successive integral 
number, ns subscripts to rf, . .. . etc. Thus the tlireo y?-torms of a triplet 
spectrum are distinguished from each other as jt?oi V\> V^* 

But these numbers were at first introduced only tontativoly, and 
they have been fixed only after a good deal of trial. All tonus of oven 
multiplicity w^ere found to ho half-integral, and terms of odd nniltipliolty 
to bo integral Tho model of Catalan's multiplots .served as a great 
stimulus, between 1921-27, for the classification of spectra, All that was 
needed to bo done was to hunt out a number of constant froquonoy 
difforonces, and then classify tho lines into multiplots. As a lino example, 
may be mentioned Laporte/s classification of the spoctrum of Fo {Zs. f 
Pkys,, 23, 1B5, 1924; 26, 1,1924). 

The significance of l^ie inner quantum number was, however, 
first made clear from the study of Zeeman effect of linos of alkali 
and alkaline earth elements. We showed there how it has boon 
proved that j is the vector sum of 5 and I whore I is the reduced 
azimuthal quantum number^ and s is the spin quantum number Avliicli 
has always the value ^ for a single electron. 

The mechanical moment of a single electron due to spin==*^ /// 27 t. 

Tho inechanicai moment of a single electron due to orbital 
motion A/2 jc. 


* A. Sommerfeld, Aiomhaii^ 4th, ed., Chap. 8. 
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Honeo the rosnltiint inonunit — I/+. 9 I. A/2jt ///2jr oi’ 

(l-h).h/2K. 

Bet i]ionf>‘li tlu^ enpfiiLar mom net of the atom aB a whole is 
obtaiiH^d by the Bimple vo(‘.tor!al addition of / and , 9 , tlio calculation 
of m a ^*11 otic mom cut, and of Bie energy proBont grout diflTieulties. 

have already illustrated in §22 B how theso motions arc cou]ded 
in the case of a singh? electron, and how the inbu’action between 
tlie two vectors cam be iiiatheinaticadly worked out, 

321, Two Electron Problems.—The problem becomes more 
didicult when two electrons or more aix^ involved, but one such 
case (alkaline earth elements) has already been worked out in §277, 

Tjet us analyse th(5 work given \n §277 more closely. There 
it was )>rov(al that tin? natniv* of the sp(ictrnni is comjdotely explain¬ 
ed if w<^ snppos(? that the .v-vecdors of tin? two el(?ctrons are vec- 
torially added to give a resultant 5 as if the/^s arc not present, 
and the /-v(?ct(>i’s are vect(>riu]ly added, as if the .v^s are not ])rcsont, 
to give a resultant L. The resultant S, and L then eonibine to 
give tin? iiim?r (planturn number tL T^hiis for two electrons 

S ^ I I I i + i H OJ . , . Hinglcts, Triplets 

Ij ^ \ \ ^ ih d" ^ 2 )?.^ ^ 9 ) or ( 1-2 h) 

and t S + //1 

Thm for tri])lot P, 

</•- I :i.+].|-o, :i.,2. 

In table 3 we hav<? iinlieatfHl tin? method of adding /-vectors 
of two electrons occupying diflnrent sh(?lls, d.die middle column 
of tlio tabh? d(?iu)tes the vector sum L of lx and U for a given 
value of U when I 2 takes valin?s 0, 1, 2, 8 and 4 successively. The 
resultant I/-valin?s are d(?note(l by tin? terms S, P, D, ,,. , to 
which they give rise, d?lius from the table it becomes at once 
evident how we can obtain tin? fpinntisc'd vector sum of /, ,v over 
several electrons. 

Now we can give in a tabular form tlie addition of i 9 -vectors of 
two difreront electrons. Here wo have to remember, as mentioned 
in §218, that in going from on(‘ atom to the next liaving its valency 
higher by unity, the multiplicity splits up into two values, one being 
a unit higher, the otlier a unit lower, This has its explanation in the 
fact that the 8])in of the new electron adds itself either parallel or 
antiparallol to that of the previous other electrons, and the resultant 
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spin of the atom is greater or loss by half than tluifc of the in’cvions 

atom and (^onsoquently 
2abh iL—^Ihe vector mnioifiUon multiplicity is greater 

of hi hi vectors, _ _ _ ^ 3 ^, unity. It 


f) 6 


=^ 0.. .'8[ 


H 


H 
H 

given in §277. !But it 
should be pointed out that the method of cahuilation used there does 
not generally apply to all cases. It applies only to the (uuses 'where the 
RS-coupling holds, that is to say, the interaotiou is siioli that tlio 
coupling between the I and vectors of individual (ihictrons are 
broken so that.9j and combine to form a resultant and /i and h 
combine to form a resultant Z/, and L and S combi no to give 
J-valuGs equal to | Z + (. For this kind of coupling, the Landd 

interval rule is followed, but there are many two-valcnco elemonts 
and ions for which the rule is not followed, as for example, that of 
Ea given below ; 



is a natural inforenoo 
from this that all the 
making up S are cither 
parallel or antipavallel to 
S, 'rlius the r(isiilts arc 
as indicated in table 4. 

The tables for the 
resiiltan t y-vahics obtain¬ 
ed on the adcUtioti of L 
and if? arc given in the 
cluiptor onZeoniaii IClfccl. 


Tun J-JNJJIUIY UlfUiATIONS 

Fon 'invo ICLIOOTUON- 
HYS'vmm, 

The calculation of 
the term values in the 
case of two-valou(ie 
elonicuts lias already been 


56 BaGsOjo... ^Pi-23969,n%-2n7(i3'B,«IT=-29:]l)2E/T^-285:i4« 
^Po - -^370‘6, ”Pi - '-878T 

Here ; n\ - -2*37: 1 and not 2; L The 

deviation from Landd interval rule may bo taken to bo a moasnre 
of the departure of the case from that of ideal RS-coupling. 
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Tahh^ 4.—The vector mmmation. of s^-vedors, 

322 , The jj-coU“ 

pling. — A n o tlicr 
kind of cou])linfX is 
illustrated in tlin 
following case. Lot 
us take tlio olcmonts 
L, Si, Go, Sn, Pb. 

'iriicir normal con¬ 
stitution, as a glanoo 
at table 20 on 
\h 583 shows, is 
Wo do not consider 
this stat(^ for the 
prosont, The next 
state is n+ls\ 

/.c., in C it is 22?.3,s-, 
ill 8 i ib?,<hv, (^tc .,. 

K Itussell-kSaund- 
evs^ coupling \\v\d 
in these cases, w<^ 

Hliould have the following terms: 

S «=» I Si '|-.s *3 I I iH-|j I 0, I. . , . singlets, triplets, 

L ^ I G‘h /3 I I .LHO I --^1 .P-terrns, 

and ./ - I S+L I - I O-M | , | 1 + 1 | . .. '*Po, 1 , 2 . 

^.riiuH np. n+i »v should give us four terms, and ^' Po, 1 , 2 . 
Oil amtlysis of tlio s])(H'.tra, four terms obtaiiuKl, with the 

y-vahies 1 , 0 , 1 , 2 , the smalh'st of whhdi eun b(^ r(^gard(Kl us a 
singlet lerni, and the otluw three as triplet bum is; but these do not 
usually satisty tlui fjiinde rule, as table 5 shows. 

Tahle A— Triple! J^separalums for C\ Ge, 


B 

bfi 

P 


aPi-aPj 

3P3-'P, 

sPi-:>]*J 

Ion 

*1*4 ~“1’| 

c 

2p 3.S 

fi/? <Ls' 

20 

<1(1 

1100 

2 

U-i- 

(128(1) 

Ki 

77 

:19<1 

.1037 

2fi 

Si + 

287 2) 

Go 

Ap 5.9 

250 

](iir. 

903 

O'C 

G()+ 

i7(M (3) 

Sn 

5;/ G.V, 

274 

371<l, 

02H 

lilf) 

Sn + 

4233 ( 4 .) 

PI) 

0;; 7*9 1 

327 

12002 

1251 

llO'd 

Pb+ 

14070 (f) 


Froiu U» if* Atttr*f 3/?, |). call AitU Atomic JCmrgi/ ^^iutcot UoiidHinli Aud I)ao1iui\ 
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A glance at tliis tabl(3 sliows tliat for C, ''Pi - ‘'Pa » ‘^Po '^Pi 
— 2 r biifc for Si and other olonieufcs^ the rolution no longer lioldw. 
Por Pbj the ratio is 3f)'4. In fact ns the atomio number increases, 
the four terms split np into two sets: set 1 consisting of {'VPoti)> 
set 2 of (^Pa, ^Pi) and the differenoe between the two sets npproiiclios 
the '^P\ ^ 'P.jj soj)ai\ition of tlie corresponding ion. Compare 
columns 4 and 3 of the table, The Zocinaii splitting in tlmse <3asos 
is not given by the Landd formula given in §222. 

Let us see liow the separations can bo calculated. Let us first 
suppose that tlio llS-coupling holds. Then wo have, since / 2=^0, 

ATP- Wist s,) + Wist It) d- W is2 /i). 

W (sis-f).... acconnfcs for the singlot-triplot separation though in an 
indu’ccfc way (viclc § 277). Tins is now com para tiv'^oly small, a.s the total 
qimntuni numbers are different. Wo can neglect IP(.V 2 ^i)» P" (-‘>’1 h) 
can be cnlculated exactly in the same way as in §220. Wo have 

A V ^ Als cos (/ .S').. (4) 

where ^ ~ cos {S a'i). eo.s ilJt) j - 

and for ^1% . ., v«vo +3^1, VoTvl, * * • v«=Vo 

Table 5 shows that the interval rule is followed only for the 
C-atom. Even for n\-^Pi-84: 60, the rule 

is not followed. 

The failure of tliis relation for large Z shows tliat A W can no 
longer be represented by (4), we can no longer .suppose tluit the 
coupling betwee n the /i, si-vectors of the inner ??.p-'Olectrou is 
broken by the n+1 ^'-electron for heavier elom< 3 nts, the 
magnetic field of the external electron is too weak to break the 
coupUug between the te-vectors of the inner electron. In fact in 
the case of the heaviest oleinenta (Sn and Pb) wo may suppose that 
the inner electron retains the coupling between its / and .v-veotors. 

The situation may be .symbolically expressed as follows : 

AIF= { isili)[sil 2 ) } ^iji) is 2 h)^JiS^ . . since Is^O * . (6) 

Tins denotes that the coupling between Si and It persists. The 
KusselLSaimdei^s-coupling is represented in the same notations as 
follows: 

A {(Silx) M,)} “ (stS2) {IM “ iS) (D^J . . . (r/) 
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What will now be the uiitiire of torins due to tlie couplinj^’ 
schoine in (5^ ? Wc illiiatmte it with the case oi: np .s*-stiites. 

The Htartiu^v point is 
tlie singly ionised atom 
having the states 


(^p)- 


. "P 


V2 


•Hz 


/l 




(6P7^)- 


( ' 

u 1 


.s,| 

.S, 5, 

iK ■'»!, 

S, 5, 


II II 

*1 "I 

w w 



O 


■327| 

®P(, 



KIg. IK ,;j)a/Uiip)hig Sdhumit for «/>{h-HK a (soii)lgoroilun. 


of Pb+. The 
coupling is shown in 
Pig. 3. 

Tims when the 
Pb'*' -ion is in tlie Hb 
-state, and a 7 .s‘-clec- 
tron is broiiglit, the 
inner c|nantnin num¬ 
ber* j -= I ji + 6-2 I -= 

I i+h Ho and 1, we get 
two terms with y—0, 
^'^i, To > Tit .But 
when tlio Pb*^-ion is 
in tlie '^Pu -state, and a 


T.s*-el(Kdron is brought to it, th(‘, inner ()iiantu)n number of the term— 
1 J-pi 1 2, ,1. The two groups of terms have roughly the distance 

^P| - ^Pn of the corresponding ion. 


323, Zeeman-Effect for )j-Coupling*—In §222, we have 
given a deduction of the Pande i’/(y)-Eactor from the hypothesis of 
rotating electrons for states of any mnitiplicity. In this deduction 
the assum[)tion ^Yas made, though it was not explicitly stated there, 
that the coupling was of the RvS-type, //k, the spins of the compo¬ 
nent electrons can be supposed to combine into a rosidtant iS’, and 
the /-V(;ctors into a resultant L-vec.tor. In caso.s where the IlS-conp- 
ling does not hold, the Pande forinnhi for Zeeman separatLon fails to 
hold. 

Kven before the pr<‘S(‘nt ideas took a rniito slinpo, it was known 
that in many cases, the Zoianan se])arations did not follow any well- 
defined sclicme as wc obtained in the case of two-valence efiements. 
The best known examples were obtained in tin* case of neon from 


* Bo(h J and j luive boon used llirougliout without distinction for 
the roBuUant inner quantum number. 
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the works of Paschcn’'' 

I aide (J. Calmlalc.il and otmerved Lniule 
_ AhS, amljjjUouplinQs -. 


Term 

f?wuhu;s 
on RS- 
Sciiemo 

f/-vahios observed 

V works liere. as the spec- 

f/wiuues ^ ^ ‘ 

’oil [jjy truin of neon will be 
bcheine explained later. But 

Nc 1 

, Sa 

Ph 

3]., 

ap, 

'Pa 

I'fiO 

1-60 

iOti 

P60 

1-46 

J’Oil 

1 1*500 
Iii75 
1*125 

1 

J 601 
p.3r) 
1-160 

— — Landc i.’g cognised that 

1*50 in these, we had to deal 
with a class of H]>eotva 
wliieli stood outside his 


sclu*ine» and he call(Kl this 
Second Stage Spectra/^ This is identical witli the spectra reanltiiig 
out of ^y-type of coupling, which we are now disciiHsing. 

Tlic nbnornml values of the Landc factor in such cases is 
illustrated in table 6* 

Let us now see how we can obtain an expression for tiio //(y)- 
factor in an ideal jy^type of coupling, involving only two eioctroiis, as 
for example, in the np. n-hl A*-coinbination just treated. In sucli 
cases, the/-vectors of tlie electrons conibiae to form a resultant ♦/, 
and when a magnetic hold is imposed, the /-axis will process about 
the axis of the external field, The component fsi will individually 
])recess about the resultant / The total efToct is therefore obtained 
by adding up the effects due to each electron and thou averaging 
suitably. 

Following this idea, the value of g(J) can be at once put down us 
follows : 


(jy) {^1 cos (/i J) + 2 Si cos (r9i /)} 

+ {/2 cos (^2 J) + 2 S 2 cos (,S ‘2 /)} * . « (()) 

\ vide eqn, ((52), p, 4251, Knt we have 

cos (^1 J) ^ cos ji) cos (/i J)j cos (/g /) == cos (^ 2 / 2 ) cos O’z 
Hence we have 

+ 2 cos (sj jt) I 

h j 

) + 2.^2 cos ^2 y 2 ) I 

. 1 


+y.oo8(,-,,»ji-^2S«lii 


* F. Pasoheii, Ann. d. P%s., 60, 406, J9I9; 63, 201, 1920. 
t E. Back, ibid., 76, 317,1926. 
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Now we luivd <j(ji) = 

H 

and a aimilar oxtii’caaioii for g (j^). 

Tlioreforo, Jg(J) -= g cos O'l >}) -I- g(j\) cos (ia J). 

(?a -i- 0 

-I- ,,{.„) tAI'l±21rh O’l '1-1) 
2./(,/+!).. 


or 


or 


di«) 
. (6W 

. (7) 


I'aniatiou (7) rc.proHciits Ltuuld c/-forinula for two-olootroii 
system on (;»coiipliiip: wilmme.* Here g{ji) and gij^) ,iro the 
(■/-factors lor ttu! lirst and the second electron alone and can bo 
calculated from c(|uation (fid), Cliai). X. 

■''‘’‘i.'.l®. fonnnla to the ease of terms arising out 

of up n-P i.. .v-combination. Wo calculate the g (.v) according to (7). 
'.riiesc arc given in the last column of table (i. 

(«) np ‘‘Pj . s 

He™ !y(yi)--4/n, g (ya)-’^, J-2. 

^ / p 4 1! • i + 2.!1-. !S , . fl 

'’<■'>"3.2.2.11 +'^- " .* ''"n-i-rso. 

(W np yi’j. n . j I, 


w 


lhm\ 

U O I 


O j 


1 -I- :i “ run. 


np “P.J n -I- :i. N . . . 

ff {/ (/!!)=■•='2. 

•1 .11 -I- 1.2-1 . 

2 . 1.2 . 

A glance at table (i sliows that the coupling of (ip. 7.v in Pb is 
com|)letely of tho_/./-t.ype. h'or Hn, the convorsion to the y/-typo is 
nob 

.Por fnrtlior ilinstnition wo talcci the (■/-values of a py/-eonfigura- 
tion for an ideal ./y-coupling. The ./-values of the residtant terms as 
given by the .RS-coupling, and tho^y-coupling may be contrasted. 

H)25^ <'"«4smit and Uldnnl)eok, Zn. /. 
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For the RS-coupling 

I 0, 1 . , . Hinglots tripl(‘t3. 

i « I 1 + 2 I - 3, 2,1 . , 1^ 1), r-toi*iu3. 

Honco w(i obtain 

ipd) === *^Foa»2 I 

^32 VPi 1 


ie.y altogether 12 terms, of which one tcu'ni lias y=^4, three have,/ ^ 3, 


Table l,^Lan(ld g-mhies for 
a p d’OomhmatioiL 


Couv l\avc j 2, 
thre(? have j ™ 1 
and one has j — 0, 



easily calculated from LaiuUI formula. For the ^y-coupling wo 
can carry out the calculations by using forimihi (7), Tlie.se ar»' 
shown in table b. 


324. The g-«uin Rule and g-Permanence Rule.— 

(A)^’-Sum Rule.:* Fi'oiii the above table wo easily perceive the truth of a 

*For an account of tljo subjects treated in §§324, 3B0, 331,3.32, 
3x32a, 333, see Pauling and Goudsniit, The StniGhire of Ldne Spectra, 
Oiiaps. Vil and jX; uandhtwh der Aslrophy^iky II1/2, Chap, 0, 
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^Vdll-kiiown nili^ known a.s //-sum vnU'. wlikOj is ofirn cjiiployinl in tlio 
iritiTi>n'(.tUiion of sja'cl^ni This runs ns follows : 

For tluMliiloronf tortus wliiclmrisc^ ont of n ^nv(‘ii oh'otron ooiifij^uni- 
tioi^^ tlu^ sum of tlio/y~vnlu<*s for tii<)S(f ((n*njs whi<‘h Inivcs tln^ santo j is 

imlopomhmt of tlm 

Tables.—\n (ind(DValaei^ for a pd-eoiHlmadioiL solumm as 

W(!ll as of tiio Hold 
stnmfrth. FroinTnhlo 
7 wo only SCO tlnit 
tho sum rulo Is indo- 
pondcnt of tlm coup- 
lln^^ stdicnm. For 
illustriition, \vo ob- 
Htjvvo from tho tal)lo 
llitifc tint sum of _ry- 
vnliics for for 

oil Rnss(dl-8aiindors^ 
scliciuo of coupling' 
is M mul tlio Mini 
of //“Vtiliuw for tlni 
tor 111 H with lU'is- 
in/^ outof^fy-coiipliiif? 
is tll(^ HtUlK^, vk>,f 
li. This is trim 
for otlioi^y-valui^H ns 
widl, 

Hcfon^ showing’ 
tluii tho sum riilo 
lioids good whether 
W(^ iniiploy n wculc 
or ti strong fiohl^ wo 
shall give u fornnihi 
for calculating tlio 
/y-vtilui!H IVh’ very strong tiidds wIhwo (lu^ tsHipling l)otwc(m tln^ I and s vt'otoi's 
isbrokon, 'Fho/y-forinnla for weak litdds is given liy etjuntion (Hd), ^*^22. In 
onicr to calculate^//-viilucH f(u'strong titddsj w(^ shoidd rcnicmhor that tlm 
Lanil6 //-factor can \w dclincci as tho ratio of tlm inagiii‘ti(^ to tho nicohanlcal 
mo 111 out when the two niomonts nro cxpnjsHed In units of tlin Bohr 
magneton and /t/2K rospoctivnly (see (‘hap. XVI). In a strong (hdd.y ceases 
to exist and tlio ratio is taken between the conipoimnts of ninnamts parallel 
to tho field. Til us for a single (dectnni. 



m nil - 1 - nts 
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Table 9*^Uluslr(iiion of the g-swn rule for a p-d combinaiioih 


m =* 

4 

H 

2 

1 

0 

-1 

~2 


1 

1 

1 


i 

il 

1 

1 

i 

.t 

T 

1 

n 

1 

1 

i 

1 

1 

^ 2 

1 

2 

1 

2 

1 

a 

1 

0 

1 

! 

! 

1 

0 

1 

0 

1 

2 

J 

2 

1 

2 

1 

1 

1 

.a 

! .1 

H 

9‘ 

I 

J 

1' 

4 

i 

It 

i 

O 

s 

s 

o 

o 

c/2 


T 

-V 

9 

1‘2 

(18) 

12 

9 

¥• 

« ! 
T 


'I>3 

3F, 

’Pj 

>D2 

3D, 

3P, 

'Pi 

'Po 


* 

1 

i 

* 

1 

# 

i 

1 

M 

i 

1 

ii 
i 
i 

1 

i 

i 

1 

i 

+f 

4 

T 

1 

if 

i 

4 

1 

i 

4 

1 

0 

0 

n 

T 

44 

if 

1 

4 

i 

4 

1 

4 

4 

1 

4 

44 

4 

1 

4 

i 

4 

U 

S' 

1 

4 

O 

S 


In the case of several electrons possessing: their individual values 
of im and Ills which differ, Pauli puts down' the value of y/uronu as 
follows: 


^(vlu^^nui) .i W 

In Table 8 wo arrange m« and mt values for elec Irons in tlio 
uppermost row and ford-electrons in the first column, sido by side. Since 
six and ten electrons aro required to fill the p and the d-ahella respectively, 
W'e get ,6 columns and 10 rows in which the corrosponding m and 
^-values aro shown as calculated from equation (9), 

With the help of Table 8, we arrange in a column all the ^-values 
arising out of this ^(s^configuration for a given value, as shown in the 
upper portion of Table 9, 

In the lower part of the table, the ^-values for a weak field aro 
arranged. It is easy to see that the sum of the ^-values for a particular 






8324 I g-SUM RULE AND g-PEKMANENGE RULE (iOl. 
is tl}(i HiiiiKi wlujilioi* wo (^onsidor them for strong*' or woalc 

liolcl 


(B) r/~pKUMANENOK IItTLK, 

Pauli giivo n noth or similar nilo known m iho (/-pmnanmicn rulo 
wliloh lliongh not of very gr<‘at iniportaiu^ti !nay howover l)o used in 
tho inliorprotatloii op spoctra. It niiiy l)o statiul as follows: 

In a iniiltiplot lovol clinractorisod by dofinito ; aufl ,v valuos, tlio mm 
of all tlio//‘valiios for thos(‘ magnetics levels whioh have tlm saine ?/z**vuln(‘8 
(but may belong to diflorent levels) is ijideiumdent of tho Held strengtin 
For a wealc litdd wlnsre,/ I'xists^ we hav(^ to take the sum of //-valnes for 
in ago otic l(3vels having the mime ?;?-value hut belonging to di Heron t terms. 
In a strong Hold where7 no longer exists^ we liave to take the snin oven* 
diHerent sets of or nii values eorresjmnding to a partioulnr m-valuo. 
Tluj two sums arcj ecpuil. 

Symbolicjally we write 

^ f/HlrouHT ^ f/wt;fiki < • * * (10) 

vIh or VII J 

for givcai viy I and .*?. 

Th(3//Hirnii^» values for a given ninltiplet are ealeulated from equation 
(0). In Table 0/t the/y-vulues for strong and weak fields for a triplet!)- 
nmltiplet are ahown, 


Taldn of (he g-pmnrmmae nile for '^JX 



The exaetiiess of Paulies rulo is evident from the Table 0«, With the 
help of the//-pormaneneo rule wo can obtain an expression for tho Liind6 
//-factor in its exact form without the use of quantuiiMnecbanieH, This fac’t 
leads us to the coiudusion tliat r/-permanenee rule is a fundamojual 
principle, quilo in accord an ce with the nmv Quantum Mechanics. 
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325. Calculation of Optical Levels due to any Electron- 
Composition.—With the aid of the principles sketched in iho 1‘oro- 
^oinjr sections, we shall now describe how the optical levels due 
to any electron coinposition can be calculated.* h'or the wake of 
simplicity, wo shall suppose that the Unssell-SaiiiHlers^ coupling 
holds. This class coin])rises by far tlio juajority of spectra, so far 
classified, though in many iniportaiib cases, other types of coupling 
hold good. IlS-eoupliug is cliosGii because the mathematical work¬ 
ing is here the simplest, As the .s‘-vectors of the individual ehictroiis 
combine to form a resultant S, and the /-vectors form a resultant /j, 
the problem is siinpliiied almost to the case', of a single cUictrou 
possessing the spin-value S, and tlie orbital mo in on turn value A, The 
interaction energy may be calculated by apiilying methods which 
are generalisations of the method described in §277. 

Ah a general rule the normal (dectron structure of the atom or 
the ion should bo first written out. Thus taking the elements 
carbon to ueoii, we find that their normal and excited eh'ctron" 
structures can be written as follows : 

[Lv^^ 2.s‘"J LV., ,. 2;/- ‘ .., 2^“' fiW • . ^ V' 

where .r 1, 2, 6, 6 for G’*’, C, N, O, h\ No ros])octively. Tlio 

first denotes tlic normal structnrej and the otlmrs are excited 
configurations, 

We liave therefoi’e first to find out oi:)tical terms arising out of 

the combinntion whore x varies from 1 to li. These will give 
us the normal states for elements frojri 0 to as w<ill as for ions 
belonging to a similar group, f'he excited states are obtained 
by successively increasing tbo quantum mimbors of one of the 
clectrous, leaving the others in their original positions. 

The eases diuj to the combinations 2s, npt 2p, ns have Jilrciuly 
been worked out. We now consider the next coiubimitions. 

Tim 22 ) ^y;-C()M.BiNA.TroN. 

Wo have S ^ \ i f i | 0> 1 • • • singlets, triplets 

A — I 1 -k 1 I 2, 1, 0 Dy P, S-terins. 

The y-values can.be found in the UBual manner, so that tlic 
terms are j 


The sequence of nmlliplots expected in the spectra of various t?ie- 
incuts was first given by R Huiul, Zs. f, Phys,y 33, 3-lo, 1020 . 
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K^pup) 1 ,,^ 1 ,,^ 

Tofciil luinibor of niiigiuitiu IovoIh pohhoh.simI by tluiso torin.s uro : 

!}-l-r)H-7 H- l-l-iM-f) H- 1 

r. + it 

iSiiKic uii nl(?(5fcron in ii ^;-orbit poss(‘ss<»8 {\ ina^iioiic. lovciis jincl 
there lire two such el octroi tlu^ toinl mnnher ol inuunetic^ levels 
would be (iX() Wil 

Pr()e(M?diii|r ns before i\u\ bn-iurt (hui to \ip nd conibiuntion ere 
M)l, ‘‘Po, 1, 2\ 

VP. M)2 ■ VPi J 

TluMictinil nuinb(‘r« of tnu^netic l(‘V(‘ls are : 

7 -I- r, -I- ;) 1 "“ 

Since an electron in iw/-orb it m\\ have 10 iunj>'iietic lov<ilH and 
anelec.tron in ii^^orbit can liavii 0 iniii^netic hnu'ln, the predicted 
number {>1: nmp;notic IovcIk would hv lOXli^^^OO whicli in v{‘rirK?cl. 
For illuHtratin#»: tli<^ principles just d(?scribe(l, we take the ca.s(* of 
doubb' ionised oxyijjeu''' lmvinf»’ the constitution l.s'“ 2p\ Its 

tenn-values are shown in Tahiti 10. 

326, Equivalent Electrons*—shall now tak(i up tlie ciis{5 
of eciuivalent (dectrouH, or,, (5l(•ctrons phuaal in tlie same a*, or d- 
orbit. In such cases some of the slaUis obtaiiuMl in the usual 
manner nr(^ rul(Kl (>ni> for tlu^y corr(‘spond to an atom havin/j: two or 
more ehajtrons with all their tpiantnin nnmbers identical wliicli means 
violation of PaulFs Principle. 'Pin? problem has betm aln’iuly in¬ 
troduced by lakinji; the caH(‘ of two {Minivid(mt ,s-elec,tnms, when! an 
application of IhuilPs Print^ijih* sliowed that should ^iv(! ns only 
an ^So-terin and no '‘Si-terim iivt us miw calculate tlu! terms due 
to Vox this purpose, it is more <!ouvenient to use ma^u(!tic 

(luuntum numbers for stronji; Helds, /.c., lUi in ])hiee of y and .s‘, 

'!)'his is justified in moat cas<!s, because as the (‘leetroiis are in 
the same IcvcK they stronf>;ly iiillmmce eacli other and the co^plin^^ 
between the / and s-vectors of individual electrons is brolc<‘n as 
ha])pous wlieii a stron^j; inajj:netic lic'ld is introduced (Pascheu-Back 

* A. P()\vl(‘r, Proc, Pot/, Soc, yj, 117, BI7, 1928. 




m 


COMPLEX SPECTRA 


[XIV 


7.hbh 10.—Normal and exeiicd terms of O'^'^-ion, 


Term 

Term’'Value 

Av 

Term 

Torm-valne 

A V 

(vincai*'^) 

(v in cm ** ^) 

. . . . 

3P, 

'W4C6I 

<144015 

IKI 

fOi} 

2]) M... iFa 

120132-09 



sPa 

■Da 

■So 

444;t52 

424B86 

401478 

j PU 

■■Fa 

120131-04 

119935-26 
119767 09 

1IJ5-70 

ITH'IG 

2/? 3.V , ., 

'Po 

*Pr 

^P2 

177336-2 L 
177-2)7 85 
176960 01 

* US do 
d50\94 

■Pi 

3D| 

31)2 

119869-28 

11736rvr)6 

117316-32 

72-72 


■Pi 

171613-43 



11724-2‘6() 

2p 3;;,., 

^Do 

8D, 

16363G-88 

1607-28 24 


n\ 

“Pi 

“P2 

116126-62 

116011-62 
11496007 

1 i 


3D2 

^Ds 

16050TOO 
160371‘85 

joo *yi 

22005 

■Da 

111816-4 



3Sl 

147036-00 






■So 

146278-09 






3Po 

144366-20 

82'10 





»pl 

144283 19 

USO-54 






144I62-66 






■P. 

180792i3 






Table It 


c'lieet;. So we are justified in using magnetic quantum mimbei's for 
strong fields, for representing iJiagnefcic levels. 

PaulL^s IMnciple requires that the terms arising out of the 
combination should be such that tlieir total number of jungnotict levels 
should not be 6X6=36, but So a few of the terms oblaiir 

ed from a np . Mp combination (sec Table 10) have to be ruled out. 

Let us see how tins can bo 
done. Por a sitigle /helectron, flic 
pairs of (muyinl) values are six 
in number as shown in ^Pablo ] 1, 
Here tlie state a denotes 
one ’with nu = im ^ 1, h with 
m ^ i, mi — 0,.. . and so on. 

The 15 combinations which 
arc to be chosen so that the Panli Principle is obeyed are shown in 



a 

1) 

e 

d 

e 1 

r 

^Ih 

i 

1 

2 

4 

2 

-•1 

-i' 

-5 

Vll 

1 ' 

0 


1 

u 

-1 
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Table 12. 



(di 

(W 

ad 

ae 

af be 

bd 

he bf 

r.d 

ce 


de 

df 

«/ 

. 1 /; 

1 

1 

0 

0 

0 1 

0 

0 0 

0 

0 

0 

-1 

-1 

-1 

Ml 

1 

0 

n 

1 

0 -1 

1 

0 -1 

0 

- 1 

-2 

1 

0 

-1 

M 

2 

] 

2 

1 

0 0 

1 

0 "J 

0 

-1 

-2 

0 


-2 

r 

ka 

0 

0 

ia 

ia 

- i'rt 

0 irt 

- ^Cl 

- ift 

0 

) 

-la 

0 



Table 12, Our uexbtask in to choose \)niv8 of il/y-values in such a 
way, tliat wo can at once read out the resultant terms from them, We 
observe that tlie hig:host is 2, coupled with 0 (ad). This 
juust bo a nuii^notic level of M) 2 ‘'torm, Thou we have the next 
liiglicst with I (ah). This sliould represent the magnetic 

level of a ’i^a-torin, and conic by association. We 

thus obtain the following regrouping of values { 

( 2,0 1,0 0,0 - 1,0 - 2 , 0 ).,. 'Dg 

/I, T 1 0, + 1 ^1, + 1\ 

1, 0 0, 0 -1, 0 «Po, 1, 2 

\ 1 , - 1 0,-1 ^ 1 , - 1 / 

(0, 0) ... ^So 

'l.'lun’e is a certain amount of uncertainty in this selection, e.g., 
tlu^ pair (0, 0) rises from the throe combinations a/*, bCy cd and it is 
not (dear to wlu(di of tliose bSo-term corresponds. Disregarding this 
uncertainty, we obtain the following : 

. . . ^’Po> 1> 8 ) 

I^xp(u*ieiui(j has shown that the terms with the highest multipli¬ 
city and larger /-v( 50 tor have the largest value. Thus *^Po, i, 2 
> hDa > a theoretical explanation of this fact is given later. 

Tl IM aq) ’^-COMBINAM'ION. 

The oi>tieal terms arising out of /i^r^-conliguratioii should 
posse,ss, according to Paulas Principle, ^ 20 magnetic levels, 
llund was the lirst to show that the levels wliich satisfy these 
criteria are 

np>' . . . ■‘Sj, 5, i. 

'.riio origin of these terms is illustrated in Table IB. Wo do not 
show all the combinations, but only those giving terms witli the 
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liigluist j, Tlio other combinations may be 'written and verified 
easily. 

Table UL 


\J']lc(!l.ron 

nu.Hh \ 

(1) 

(2), 

(?i) 


Tfvm 

1 

Numhor of 
ivmgn(Mii(5 
hwcis 

iaho) Z: 

‘A 

1 

Jl 

3 

0 

1 

2 

-1 

0 

'<8;. 

1 3 

4 

m ;;;; 

s 

1 

i 

3 

0 

_ 1 

1 

J 

SDr. » 

3» i 

10 


i 

1 

, 1 . 

3 

0 

-i 

0 

,1 

2 

1. 

apn , 

D> 3 

(i 





i 


Totai ^0 iiW(‘ls 



Till 

■: n/P" 

Combi NATION, 



The optical terms arising* out of the ‘‘-combination should pos.S(‘SH 
^'0^—15 magnetic levels like np^ and calculation in uccordamjc 
with Paulina Principle shows that in this case we get tlu'- same t<’riiis 
as in the case of the ^//P-shell. This is partly a cons(*(ptcnc(^ of tlio 
theorem that’*6>. = Thus the terms due to this combination arc 

. . n\, u 0, ‘So 

Inverted Terms.-^Tlmvo is, however, ono important di(rerenc<i 
between the terms of np^ and '^?/;^ in s))ite of their similarity. The '’P- 
terms in are w/wferf, i>,, ’*P2 > '’Pi > ’’Po* 

In the cases so far studied, wo have always foniid that of t\ S{t 
of associated terms, ttiose with smaller valiu's of j ha.v(? higher 
numerical values than those with larger values of y. ^riius in the 
spectra of alkaline earth elotnents, 

'Po > 'Pi > 'P2; 'Di > '1)2 > 

But now we shall come across cases in which the .rev<n*se law holds. 
Such terms are known as inverted {verkekrte) tonus, Wc shall find 
examples of inverted tei’ins later on. 

Tiik 7ip^-cAnmjNjv.m)N. 

The optical terms of tlionTJ^’-eonibination will be identical with tlui 
optical levels of the ?/?)~eonfiguratiou, b(‘cansc “’Os ’’('h 1,1 also 

the terms are inverted,, i.e., ’’P,» . Generally when the number 

of electrons is larger than half that are required to fill tlm given shell, 
tlic terms become inverted, iV proof of this will be given later. 
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Tin: '< ^mhination. 

TUo, ciiso of the 'Combination is identhail with tlnit of 7is^- 
combi nut ion be cause both of them ve present a (*omplet(!(l snl)^rmip. 
Ak it Koiu.r.l rule, it ..u.Kt be ronum.- 

bored that in s\ich a saturated shell, jMilrrlrons. 

for every ehHttron with a ^iven 7 ;/^ i. ..... 

and /> 7 /-valiios, there is always another g T(a'ms 

elG(drou witlt nh and 'Wi values of g’f 

opposite* si^n. 'l^hirther since the .-.-.-.-.. 

numbin'of electr(>iis required to (111 a 

sul)sliell is always evim, 0 and * ?,\> ?.\) 

---^0, the resultant state is always p'* *1) 

^So, /.c., it is non-ma^netie. I t is as a 

• result of this iin]K)rtant imoperty tluit ...... 

in di^tin'ininiuK the optical ti‘rms of a ])arti<iular conli^iiration, tlie 
completed slmlls or subshihs are altofi'ether neixlected. 

W(^ liavi? thus trucuMi all Ihe o[)tical terms due to yy^y'^-eombi' 
nation. T\h\ optical terms due to ml” luul 7 //'” combinations can 
also be, obtained by the methods already employed in the fon'^niny; 
pa^es, In ''rabies 14, If), and Ki, tiu’ins aiTsin;>’ from mt\ vf” 
eonli^'urations are ^’iven/^' 

T(thh IT ),— Kipvivalvnt ^/-c/cc/yvyyy.s'. 


«(i*i)i-'mn MCI’) 

I MHurui) ’‘(I'nruii) qa) 

qrnrmn hw) ‘(Hurui) muo) qs) 

I qsiiKuu qi*i»run) qi>) 

qi*i>i'’(n!) qrr) 


1 



iV 

"(in 



MHUU 

qi-r) 


qu) 

:) 

f/' 

'(KUU) 

qriq 


qu) 



'(HUU) 

qrn 

rC 

qu) 


fl>* 

'(Hian 

qrio 

(C 

qu) 



iH 



Tf(hh Id . KipdvulvtU [-(iiTrironH, 


Hv) 

qsiKin 

qian-miiun) 

■(HuruniKi.N) 

qrnrmiiKi.MNo) 

qHrarmuKi.MSn) 

qHla>emuKnM^^ou) 

‘(hrnrmmci.MNu) 

qia)KumKi,MNo) 

UKUKUnKaN) 

qrimnniti.) 

'(sum) 

HD 

'(H) 


qiTii) 

MHIH ’ UI ) 

qrarminuiM) 

MHi*ni'uiiiKaM) 

qpnrmuKi.MNo) 

qriM'OinKaMNo) 

MHl ' DrUETIKliM ) 

qi * nKn )|] i { iiM ) 

< (HU run 
Hvm 


qsEU'un 

qrrn) 

qsi'uruuncii) 

qrnruiio 

qHi'uruniKi.) 

qrrin 

qsurui) 


*** T1h^S(? tables have t)i'(*n adopted fiom those ^'iven i)y 11, (/, Oil)l)H^ 
J). T. Wilhe.r, II. li White, /Vr//.v, JlnK, 20, 7110, 1027. 
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327. Slater^a Diagrammatic Method.—Slnhsr'*’ liim ll]nHh'iil.(n! 
the above results by ugraphiml inetliod wlileh wo now jn-ooeod tn 
In this, the ??^s“vahies in units ol’ i- aro plotted along the ahHtdHHa, tla^ 
??irvalues in units of 1 are plotted along the ovdinute. A point (ni^ , ?/// ) 
in the configuration space do notes a partie-nlar inagneti(? ntiiti^ The 
magnetic states for singlet, doublet and triplet tfirnis illustrated in the 
following diagrams : 







Flff. U 81iiter'8 represonffttlou of H,c juflff.mUo Htntcfl foi- 


*J. 0. Slater, Fhys, Rev., 34,1293, 1929. 







S327 I SLATfSli^S DIAGliAMMATIC METHOD 


()!)[) 


'I'lto inaKiiiilii! Htiitcis iluo to n Hinftlo olcutroii lu-o ropi-naontod by tbc. 


Tuhh 17. 




B(U!(HhI ,v-loVol 



n] 

/'I 


(12 

h. 

ntn 

1 

‘i 

_ 1 

in,, 

•} 

_ 1 

'i 

DU 

0 

0 

i 

0 

0 


(loublot 1()V(51 h. Wlioii wo wttiit 
to (Mikmluto tlio tonns duo to 
uny (•onihrnutiou of ohuitronB 
ill any two we liavo to 

take one ina/^iiotio level frotu 
(fa(!h elcK^tron and find out 
Sniffy and plot Lhom in 
the eonli^riimtion apace. Let 
us, for example, comb I no two 
.s'-lovela in tins way, tho mag- 


m^tie staU^H for the two t3lectrona are ua aliown in Tallin 17. 

TIi (3 (MunbinntionH nni 

1)2 b\ (H hi 1)2 

(1»<0 (0,0) (n,0) (-*1,0) 

(iraphieally tlio rc^Hulta euii ho reproatinted aa followa • 


<1)- 




^J/r, 


<i)- 

2<! 


KD- 


- 0 )— 


^V2 




{j3 - - 


% 

5* Hiiiti'i'M (UA|;i'Ain for 


'riui lini|.riietie Htato (0, 0) oeeurh in tlie two (unnhiiiationa Ui and 
hi 'I'liia ia iiidi<m.tral hy plueinji: the iiuinher 2 inaide tlu3 <avele coitoh- 
pondintc to the jiuint (0, 0). Otluw (inures witliin Hniall einjloa Hlmtlarly 
denote tlu' niiiiiijer oT tinn^H tlio jiartieular point (il/„, A//) oeeura in tlie 
com hi nation, It is oanily ween that the r<‘Hultmit ll^^mre in imilvable 
into two figiiViiH, one rinTeHpomlinjJ!: to j-term am I the other (^orrcHpond- 
in^H-o iJ^o-term, 11* we take two (innivnhmt ♦s’-electroiiH, tlie only posHihle 
etimhination ia f;//((), <)) whieli oceurH only once ami ^dyea hSo-alone aa 
a eonH<f<iium(te of raiili^H Principle an nnmtioned in 

We may mav takii an «;/-com hi nation. The inagiietie levola can he 
re))reH(mted \\h followH : 

Oi(,j, 0) 0) for .v-el(3ctron. 

'<2(5,1). ^(4, «1). "2(1,-I), '4(“5, 1), «2(-i,0), /a(“i,-l) 

for ;i-clei3(ronH, 
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'I'lio (ioinliiiiiilioim aro; 


f(>\ a2 

«, hi 

(l>l 02 

«( di 

ill 0?^ 

A 

(1.1) 

(1, 0) 

(1, -1) 

(0, 1) 

(0, 0) 

(0, -1) 

h\ a.2 

hi hi 

hi «2 

fti d-i 

h,R2 


(0, 1) 

(0,0) 

(0, -1) 

(-1. 1) 

(-1,0) 

(-1. -1) 


To indicate tlie results we biivo the following' figures {l''ig, 0). 



0. Slnler’a (llnKi’am foi' Kjj-coiiibhuilon, 


We .see that the resultiint figure in dius to tlui Bui)er])OHil;ion uf 
and iP-staies. 

When WG eonsitlor the {*iim of two tion-(U]uivaliUii 7 ;<el(j(‘ironB wo 
B6 combinations wliicli can bo plotted in the (!OnIigiiration spiuio m sliown 
in Pig. 7. The magnetic state (0, 0) occurs six times and (l» 0} tliricc; for 
otliers this can be onsily verified by mutually writing down all ])ossiblc 
and values for various combinations. Tlu} llgure is (dearly a 
superposition of figures clue to ag, *0, 'P, ‘H-terins. 

When thor(^ aj ‘0 two equivalent 7 >olecIrons tlio six ningnotic states 
^ ^ 0 d e and f (-~i, — 1) (jau be combined 

in fifteen possible ways as mentioned in §826. Prom Table ,1.2 it is seen 
tliat the state (0» 0) occurs tlirice, (0, 1) and (0,-1) (xjcur twice each, 
and rest of the states occur only o.ncG* A Slater-diagram of all these 
com l)inations can be drawn ns in Pig. 8, 

Thus Paulies l^rinciple wlien applied to the S equivalent /;-eleetrons, 
excludes 3g^ ip-terms, which appear when two ;>-1 ovo1h of no]i- 
equivalent electrons aro veetorially added. One can clearly see this by 
comparing figures 7 and S. Prom the principles mentioned in this section 
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Id 

7» Slatnr^H (llAifcain t'or two riuii-ci]divalent |;M‘leeh'OdH. 


Slator-tlia^nini ol' any com hi nation <5an bn drawn ami tho tonus arising 
thororroin (;iin ho ohtain<',d. l^'iirthor, in the ease of cquivalont electrons 



Kin. HIrUt'h (Uani’ftdi for two oiidlvulciil ji-clectrori-iioujbiiiallou. 


^ Vh ami mi plotted in accord a iico with Paulies Principle always loud to 
the correct torins. In this connocLion tho intoresting point to note is that 
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it; is ttio syminoLrical Jiiitiiro of liboso dia^mniH wliicli innkos (bom n vory 
hmifly motliod of oaloulntuig' optical terms for various oonfigurations, 

328. Calculation of Terms of Highest and Lowest 
Multiplicity with Largest /-Values.— The calouhifdou of (.(u-ms for 
any Glcc(:ron configuration was first given by Hund^’' and Slateri* wlio also 
laid down empirically cor tain g(3neral rules for the (joiiit>ara(iiv<^ valiKJs of 
the tornis. Tlioso rules are: 

(i) Of the tornis arising from a given oloctJ'on structuro, (Jlt^ tcu’ins 
po-ssossing tliehigliest multiplicity are numerically the hirg(Kst, 

(ii) Of the terms belonging to the same niuUii)licity, fchos(i possessing 
the highest I are numerically the largest. 

(iii) Terms arising out of w , (f^ ox combination are regular if 
iC<(2 I -P 1) and inverted when (K > (2 / -p J), For u*. ^ 2 I m) get uii 
S-term, 

For example \xq obtain in 

(12 .3F 3p iQ ij) IS. 

According to the above rules 

> sP > K} > n.) >hS; and 3^^ > sPg > sp,, 

But, if we take 

_3P ‘G ID 'S 

we have 3p > 3p > iG > 'D > >8. 

But H ^2 < 

These rules were subsequently doducecl from theoretical considerations 
{mde infra). 

We shall now give a simple method of writing down tlio highest terms 
and the terms with lowest multiplicity and higliest lvalue resulting from 
any equivalent electron structure. 

Let lus suppose that there arc Ji-electrous in a given shell such that 
x<(;2l+ 1). Now the 7ni and vu values of these electrons can Im 


arranged in the following manner: 

7ni -values ! 

viti -values 

(I)U"I. i-v+l, .. 

. , .-HI,-/. 

i -i 

(2)U-i.;-v+i, .. 

. . .-HI,-/ 

i i 

(3) /, ^-J,./-v+1, , . 


,} -I 

1 • • 

(*) W-i,.i-v+i, .. 

. , —1, 

1 

i. 1 

^ !? 


P Huiid, Zs. f, Phys.y 33, 345, 1925, 
t J* 0, Slater, Phys, //m, 98, 291, 1926; 34. 1293, 1929. 
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EvidmiLly^ f:lio ))h will ho ohfiiiinod IW lilio olocfcroji 

wlum ull H- ,] vnhios am nddod - will ho tla^ iiiaxiinuin - 

valiio I'or vosidtiii^^' In order (.o ^(d. 1,1 lo lii)L»lu^st for (;h(‘se. 

^-nleelrons wiMuml; violatjnj:^' Paulies Pl■in(!il>l(^ \Vi5 lum5 l,o Lidui (Ju; mm of 
all the y%vaIiioH la^^lnnin/^ from \]m l.o[> l(d‘(--hainl (‘oriior of llni ahoyo 
arran^oinonU Tlims, for tla^ hi|^di(!«t term : 


^ zj2 and i:?H/ =•*= \ )^(l-\- 1) :r— — ^ .... (11) 

1 

Tho riilo for obtaind >(5 loW(^H|i imiltiplltaty term with lilui hi#‘’lioHt/- 
valuo would ho to talco w/.s-vuluoa altoriuiUdy d-i and —Tluis 
valuo.s would ho alfcornatoly 0 and ,j uotsordiuj^'an is oycai or odd. 'riai 
Jiiaximuju ^Mz-yaluoa would ho Ivon hy followinji'o(|uatioiia j 


and 


ii mi 



(V3 -1) . 

. % oven 1 

(* 

2 ) 

, . z odd 1 


(m 


III tlio following tahlo wo glvo tlm hi^dioHt amt lowoHfc inuUiplioity 
tornis with tho lar^^(»s(, /-valuo for p, d and f orpiivalont olootroii oon- 
lii^’uratioiiK. 

Tahh 18, 


Term 

7^Hholl 


/'-Hholl 


1 3 3' 

i 2 3 d' r, 

1 2 3 4 r, 0 7 

Max, ) 

Multiplicity j 

..i 

n> ap 

2J) “P "I.'' <']) ",S 

2].'’ sir ir M «ti ’F "K 

Min. \ 

Multiplicity j 

2,1.’ 'D 2.1) i 

21) '(18 11 ir 21 

2F >18L IN 2() Hi2(i 


Without tho uao of tho ahovo fonmilao w<i nmy obtain tlio hi^dioat 
tor in,s hy a Holiomo whioli is oxaotly (Hpiivalont to tho proooHH iiivolv(M! in 
llioir dorivatiou. It nniH an folhiwa: 

AVHto down afjfainst tho w/-vahu)8 mioitosHivoly/,/ —1,.. and 

for tho ?/i 4 ,-valiu).H-l-l as far an coiiHistont with Ihuili^H IVinoiplo, Tlain 
obtain and ^mi , For r/ and /* nlootrona tlio formation of higlmat 
torniH is illustratoil in tlio TahloH 10 and lik. To obtain tim liIff]amt tonn 
corroHpondinff to any parti on lar nuinhor of o<iuivalont oh^otrouH, start from 
left ami add up all tho nh -vahum in tho miocoHsiyo vortnial oolninuB to tho 
right until tho column conusponding to tho ])artioular valuo of (i; is 
roaclu'd. Tim result la Himilarly, lind Tim and 

?«;-valueH give voHpeetiv<dy the .s and / valmm for tho highest term 
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corresponding' lio lihis configiirntion. Thus for ^ B, wliieli 

give '^F as fcho highest term. 


Table 19,—The highest ienn for (t-cou figuralion. 



Table IfJa—The highest term for 



1 

2 

3 

4 

5 1 

6 [ 

7 

8 

9 

10 

11 

12 

13 

Id 

ms^ 

i 


i 

. 1 , 

% 

1 

i 




_ 1 

_ 1 
'J 

_ 1 

a 

-i 

-i 

mi^ 

3 

2 

1 

0 


~2 

~3 

3 

2 

1 

0 


-2 

-a 


2F 












21? 

'So 



3I-I 


S'! 






61 

11 

m 








eH 

vF 

- 8S 


cH 

.1 

•i 





Similarly, to obtain the terms for we start from the left and add 
VH -values till we reach the vertical column with the number 4. Wo 
obtain - 2, Sm/ == 6. Hence f^ has as the highest term. When 
ft;=2 /+1, s mt — 0, and we get S-tenn; when a!> (2 Z-h 1), wo have to put 
lUs ^ ~i, and the terms reverse. 
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329, Equivalent Electrons in ^/-Coupling.—We shall now 
hIiow that ovGii whoii the cxtrcinc type of non RS-coupling, ‘/.e» the 
^yy-conplin^v holds, wc obtain from any electrou-eoiifigiiration tlie 
K:ime nuinbor of terms as in llS'-conplinp; with the same distribution 
of iniior (piantuiu number amongst them, illustrate it with 

res poet to the longer use the strong 

Hold msgnotic (puintnm numbers but should use;/and 7^^ 

"riie six-states of a ;;-elcctron arc now given by 

* 1 - * n 

3 ^^ __ 

a he fl c f 

-h ^ h -h -I 

Wo, mivy now npply Pnuli's Principle in the following way: 

(1) j\ ; i'l since bothy's are the same, we 

must Ivuvi) the w’k didbrent. Hence the only possible combination is 


ah ... ilf = 0 ... wc have a term Xo. 

(-) j i 3 ) ./ a “ 2 ! ill tiii-'i ciisc, since the j’s are different, the 

■)u’n can have any vnluo. Tlio combinations arc 


an ... ilf = 2 he ... 1' 

atl . , , = \ bd. , . = Q j 

ae . . . ^ 0 //c . . . =-l 

a f ... ~ 1 /;/’.. . = — 2 . 


2 , 1 . 


01 ) h ““ 'i .72“= 2 ! I'giiiii Piuili’s Principle would bo 
operative. AVc have the following combinations 

ed e.e ef de df cf 
M-^ 2 1 , 0 0 - 1-2 


IfciKui .1 ^ 0, 2. 

W^o thus obtain the following terms : 

( V\ V \, ) . ■ . 0 

( Vi. Pa ) ... 1. 2 
y a 

(i'll ?>i|. ) ... 0, 2 


Wo, thus obtain, as ill HS-conpling, h-terms with the same distribu¬ 
tion ()(: >f, but wo can no longer talk of singlets or triplets, and 
the relation 'M.% - “Pi : "Pi “ " P2 “1: 2 is no longer fnlfiUed. 

We pnas from EH-coupllng to jy-covipling in a np -eombina- 
tinn, as the charge iiici-oases, iis is shown in Table 20. 
Here the singlet and triplet S, P, T) terms and their separations 
1-'. Hi) 
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aro given for clemeats iu the periodic table having electronic 
configurations ^vherc 3, 4, 5 and (h It will bo soon that 


Table 20.—The S, Fy F for element having 

njF -eonfigitralion. 



as n increases^ the deviation from the ideal rule of triplet separation 
gradually increases. This indicates that tlio coupling is passing 
more and more to the (^y)-typc. The figures iu italics donoto 
differences between preceding and following terms. 

330. Quantitative Term Formulae,—In the foregoing sec¬ 
tions, we have only dealt with tlie laws which define the existence and 
quantum cliaracteristics of spectral terms arising out of any eicetron 
configuration. In the present sections wo shall discuss how tho 
tcriu-valiies, miiltiplet-iiitervals, distances between different multi|)lo(a 
etc,, can bo calculated when the cloctron-slruclure of tho atom is 
given, 

On the basis of tho orbital theory the jn’oblcm of calculating 
term-values could be solved exactly only in the case of the H-atom. 


Data for 0, Si, Sn and Pb ni*o taken from Qouflsmit and Paclior 
Atomic JEnergy Slates {1932). 
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With certain assunii)tions, tlic orbital theory was in a position to 
tlirow some li^^ht on the (*l\aract(M’istics of spo(itra of alkali cloinents 
as described in Cliap. Vltb But tliis seemed to be tl\e limit of the 
capacity of the orbit-theory, Avhich failed to eliieidiite even the 
next simplest problem, that of lie as described in §279. 

This failure is partly to be ascribed to tlie earlier coneoptioii 
that the electron is merely a small sphere of el(‘(d;ricity. But the situa¬ 
tion changed completely with the hypothesis of the mapfuetic electron. 
With the aid of this hypothesis it was i)ossible to (explain the pheno¬ 
menon of duplicity as well as t^ie fijemu’al features of complex 
spectra. But a new mi in atomic. ])hysics was introduced with 
the rise of quantum mechanics and its siieeessive ])liases of 
development, v>,, matrix meclnuiies of llelsenberj>*, wavo-mechanies 
of Do lh’ 0 [;li(J and 8(5hriHlinp:or, and Dlrac^s relativity quantum 
mechanics. '^Phou^li it is felt that i)roblems of atomic physics 
re<inire a new formulation of mechanics and thoi^gh with the 
recent dovelo])ments, some proivross has been made, it is oven now 
doubtful whether the system has yet received a (’mal form. A 
detailed treatment of the problems of atomio physics on the basis of 
now mechanics is outside tlie Hcop(^ of the pres(int work. In the 
present section, we coniine ourselves only to general treatment 
bused on the picture of the ^ magnetic electron.^ 

Tlin GkNKUAU KnUIKIV FOIlNtni.A AND r-FACTOltS. 


The emu’gy of an atom (am Im written) in tlu^ form (see p. Hfid): 


-li r 1 ' 

0 1 

I 



li 

M-r 

inj 


T -I- ir(.sv sf) T w(h k) -b ^ iHsv k) . (la) 

Tlic (5xi)ressioii (am be analyscal as follows:—The first term 
represents the sum of the einwgies of the eUudrons regarded as i)oiut 
charges moving und(‘.r a charge'. whic.h is partly compensated by 
the screaming due to the shells of (ilectrons both intea’iial and external 
to the electron. The eloetron eujcupiew a sliell having tlie total 
qmmtuiu number The seamnd teuan is duo to relativity eorrcc- 

tiou. It is to be noted that the two screening constants are not put 

For II eomiirohensive nejcount of tlie tnMitinent of iivoblems of 
atomic physics on Quantum Mecliiinics, the following hooks may he 
consulted: Sinekal, Qnanien lltVMi'h. articles by Betlie, Ifund and Mott; 
Wave Mechanm by FronkcJ, 1, 2, and 3 (Oxford University l^ross). Dirac, 
rrinGiplea of Qiianiimi Mechanm^ 1990. 
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"ri )0 thinl lonn roi)r(‘H(‘iils intcnicfcion ciuu'i^y l)nfcw<?ou tlic sjuu 
iwid A’V(Ujl;nr of tb(i ({hu^tron, TIh’ rniirlli imn represents the spin 
lnU»ni(Miioii l)eLw(U;n tlu‘ {^l<‘elirnn iind other eI(?ctrons (//) of tlui 
Mysleiii. The llfth term represents /-interjustion ener/^y of the 
(Oee.troii and otluu' (deetrons (//) of tin* system. The last term repre- 
Hents int(?rii('.tion enor/>’y l)etw(um th(‘ spin of (he electron inul 
/-vnetm'H of otliers (//). Tlie smuination is to bo (‘xtondod over idl 
t h(^ (de‘<jtr()iis of tlio system. ]F(.sv //,) the interaction energy between 
th(‘ s[nii of the and /-vtaitor of tiio (deetron can bo noglootcd 
in e<!rtiun caisos as it varies as mentioned on p. 555, 

'I'luj valium of 0 ^ dep(uids on tli<^ inner (dectrons forming the 
closed shell, ns w(dl as on the (d(‘ctrous in the outer inconiploto 
shell. On t]i<» other hand, closed slndls do not contribulo to 
'Sv) or otlier iutoruotion (mergi(?M as tor them s/i^ 0, //,— 0 

uiid tin*. r(iHidtant * * 0. Tlu^st^ (energies depend oiitircdy on the 
ehadrons in the incomplete shells, 

Kor a Hinglo oicetron (alkali (dements), it has been shown that 

W ( h Si) ttrsr a If SI co.s (// .sv) ...«*« (U) 
or since h 0, tin’, subscript / can be (Iroi)p(Hl, the total interaction 
(ojc’rgy lujcomcH 


a Is cos (/.S’), where (t 




( 15 ) 


as idn’ndy given. 

b'or tlm ease? of a single chndron it 1ms Ixam [iroved that wc got 
doiil)i(Jt h’vels. Tlio doublet separntion is just e(iual to this inter- 
lU’Xiun oiKjrgy and it it be denoted by y, wo Inivo 

Y t^v-a ((, I s cos (/.S’) (15) 

I loWt^ver winm the external Ihdd is suniciently strong to break the 
coupling hetwo(m / and x vectors, y can no iong(n’ bo reimescnted by 
the ( 3 (|natun! (I ((). In this case the cosine of the angle between / mid 
,s’ is given by 

OOS {.S' /) — cos (.S' II), co.s (/I/) . 

I (enco .. 


h\>v tlio two oh^ctron case, tho interaction energies and term 
vnliicH liavo beou calculated in 8 ^77» The y-fnetors for this case 
cun be obtnined from tho general formula tor several olootrons. \Vc 
now turn our attentLon to many electron systems* 
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331. Many Electron Problems, —In this case, interaction 
energy terms between the / and vectors ol: the same electron, 

Xir(.s‘i h) can bo written out by a geueralisation of tlio formula (14). 
When wo have many electrons, a large number of terms will result 
with (lili'erent multiplicities as explained in §il2(), but for terms 
belonging to one particular multiplicity the other interaction energy 
expressions in ccpiation (IH) cxcet)t ir (/,• .sv) will bo coihmon for 
all the terms of the given multiplet. Hence for (biding the intervals 
in any mnltiplet wo have to ealculato ilTK {li ni). This is done as 
follows. We have 

.V() li lit 1 1 St cos (/( Hi) .(18) 

where the summation is to be carried over all electrons forming 
incomiileto shells. 

Now as already explained avc have in the case of llS-coniiling, 


S == L “ iV, 

and cos (/,• .sv) = cos (/; fj). cos (.sv sS'). cos {L S). 

Iloiice i; ir(/i .sv) A L ,S'. cos {L A') 

whore A == 'i.m-y . ‘xw (h 1^) «tw (-v/ ‘S') . . . (ID) 

ij n 


Hero a.s in the case of a single electron we set 

I’ IK (It .sv) A LN cos (IjN) .(20) 

y. ,, ,-/(./-I-1) “ :h{L-h 1) -- -S'(.Sf-h 1) 

Hinco cos (/y.S) 0 / 0 . . ' 

ijijn 

we have T a j'I |‘/('/•l■I)“ /.(//•hl)-<S'(<S'-|^l,)l . , . , (21) 


There will be as many r’.s- ns the number of component terms, and 
this again is ei|ual to the number of ./-values. Here the I'-valne 
denotes the setiaration of the various levi'ls of agivesn multiplet from 
a hypothetical centre, which is obtained wluin sve neglect the inter¬ 
action (‘iie.rgy between / and .v vectors of each electron. 

We shall now find an expression for the strong (ield r-valiies. 
In the former ease, we put 


cos (/(,sv) «=> cos (h L), cos (.sv ‘S'), cos {!jS) 


![n tho case of strong lields tho coupling between N and L is broken 
and each of them preeesses iiKle]>endcntly about tlio external mag¬ 
netic field-axis U, so that wo hiivo . 

cos {LS) =< cos {81}) CO.S {LH), 
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Now from (20), we have 

r = AL8 cos {LS) = ALS - /Jil4 i4 . . (22) 

iNTKBVAIi RuLT3 

Let Tj denote the P-vahie for a term with a given value, which 
is equal to | S-VL \ . Then it is easy to see that 
'Lmax 

S (2J+l)r,=’0. ;.(23) 

*) 

mi A 

7 ,<?m if WG assign to the term with tlie inner quantum number J the 
weight 2J+1, thou we obtain for the C. Gr, of the terms T = 0. Hence 
r denotes the distance of the term from the C. H. of the niultiplot 
Again from (21), we have 

r(j+i) - —yl(f/-hl).(24) 

the interval between two successive terms is proportional to the 
larger J-value. 

This is Landers interval rule and the extent to whicli it holds 
can bo taken as a criterion of the validity of the RS-conpling. A 
few examples of the interval rule arc given in the following table. 

Here the symbols (01), (12), (23).denote anultiplct intervals 

between terms liaving ; — 0 and 1,^ — 1 and 2, ^ = 2 and 3. 

Tlie observed intervals are given in different columns and interval 
ratios calculated from them are shown in the last column. 


Table 21—Interval ratios for triplet Py D, I] Oy II terms. 


Spec¬ 

trum 

Term 

01 

12 

23 , 

34 , 

1 

45 

i 

66 

Itntio 

VII 

•dclHS \3P 

OV pp 

219'4 

393*5 





1:1-79 

Sell 

nd is 31) 

» * 4 

67'7 

1.100 

1 


i 

2:3-20 

Fol 

3F 



407'6 

584-7 



3:4-30 

Fol 

3d74« 3G 
MHp HI 




311*8 i 

388-4 


4: 4-08 

Ti I 





36-16 

46-25 

6: 6-3 

Grl 

MHsip 5 p 


163'8 

240-2 

i 



2: 2-03 

Pol 

3d«4s2 3D 

OO'O 

184‘2, 

288-2 

416-01 



1:2-04:3-20: 4-62 

Fcl 

3d?4s 3F 


I68'9l 

257-7 

351-31 

448-6 


2:3-06; 4-16: 6-31 

Ti I 




98-4 

130-6 

161-4 

19T2 

3:3-97:4-92: 5-82 

Cr I 

UHp ?P 



81-4 

112-6 



3:4-16 

Pel 

3rf34s.6s W 


130-4' 

198-9 

27 T3 

347-6 


2:3-06:4-16: 6-32 

Crl 

BfPisAp ’F 

396 

78*6 

116-8 

163-6 

189-0 

229-9 

1:1-98:2-94: 3-87 



1 





4-77:6-62 
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332. Permanence of T-Values and P'Sum Rule.—Lot na 
now arningo tlio l^-valuoa for u ^D-tonn in Llio following table for weak 
and strong Holds, (.be I'-valnos for weak Held have been calculated from 
c(iuntion (21) and thoao for strong (iclda from c<inalion (22). It is scon 


'Dthle — V-riil/K's for a 'KD-lrrin. 


ni 

...a 


-1 

0 

1 

2 

2 


j - 3 . . .. 

2A 

2/1 

2/1 

2/1 

2/1 

2d 

2/1 


j - 2- 



-A 

™ A 

A 

-d 






-3/1 

-3d 

-3d 


.. i 



2d 

A 

•-2d 

-2/1 

-2d 

A 

2d 


iJh “• 1 . . , . 

2.1 

A 

0 

-/I 

•-2d 




0... * 


0 

0 

0 

fl 

0 



. =» 1 ♦ . . . 



-2d 

~ A 

0 

A 

2d 



that llu) sum of J>ValucB (torreaponding to a given vnluo of vi is tho 
fiamo for a strong as woll as for a weak Hold, ns was first pointed 
out by Laiidfi. It is analogons to the //-Permanence rulo given in §324 
and is known as jyPcrmitmncn Rule, 


'I'llK I’-KtlM llDr.M 

(ioud.smit formulated anotlntr rulo for T-valucH analogons to (bo 
//-sum rulo mentioned on p. 089, wliicdi stalos that for a numbor of 
optical levels resulting from a i/mii dedron cmfifiurcdion the sum of 
I’-valucH for tbo same wi-valuo is independent of the field strength. Tlio 
I’-Hum is also indiipendent of the coupling Hcheme provided wo take 
(lie sum for diil'eront l,erm.s arising out of a given configuration over 
tlio saino ./-value. 'I'liis can bo illustrated by table 23 in caso of 
a ji«.configuration. 'I'ho r-valuos for (j:/)-coupling can lie vory easily 
calculated in the present ease. The ./-valiies are either } or \ giving 
yi o(|ual to .!« or -a respectively. Tho syi values for (.he difibront 
eombinaliions of j\ and ./j are shown in the middle columns. I'or 
llusHoll-Saunders’ se.Ueme of eouiding the r-values for the entire 
eonligurnlien in terms of revalues for individual electrons aro not so 
easy to be calculated. Only in tho case of hvo electrons rvo cfin 
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<lo it successfully, for the menu value of cosities ocoiu'Hng in equiiliou 
(IS) arc known and given by 

Si , ^ .9|(S| + l) + s(s+I) — S 2 (S 2 + 1) 

r - 

nnd coa^i 1) - - 2T{f{T} - 

Witli the help of these cosine values we can calculate the faclor A in toniiR 


Tahie 23, — V-vabtes for a p^-configttraiion. 


of a. The rosnlts are 
shown in tlio lower purfi 
of Table 23. 

333. Applica¬ 
tions of r-8um 
Rule and T-Per- 
manence Rule.— 

(A) r-VATAJl-J mil 

AfOKK THAN Two 
KrincTiioNH. — Ah 
pointed above t h e 
r-vaUies for the ease 
of .IlussoU-SaundoiH 
coupling' cannot ho 
calculated directly for 
more than two (dec- 
Irons. In dir tly, 
Iioweyer> we can find out tlie value of for ^ such cases witli tho aid of the 
abovG rules. Let us take for example tho 7 /'^-Gon figuration. Th (3 terms aro 



^P.L 


*D„ , 

Ij 5 


^Sn 


Table 24, 


lA, we have 1 level with j = 3 levels witli 1 level witli./«=>i. 

We have therefore to find out five quantities out of whicli the oim 
for the S'term is zero, because it is single. Let 

a5=r(2D^), y -r(2Lj), and p « rC^Pn), q « r(2pp. 

Here r(2L|.) denotes the P-values for tho 
2 p-term having 7 — ^. The other symbols have 
siinilav meanings. The magnetic states and 
the y-values for a single 77 -electron aro given in 
table 24 We have to take — 20 combina¬ 
tions of .each of these states . 

taking three at a time and find out the 
-p'values for each combination. These are 
shown in the last column of table 24a. In this 
table we have also collected togetlier , il7 1, and 


Comb. 

nh 

' i 

Vli 

i 

y' 

a 

i 

. 1 

l-ri 

h 

1 

0 

0 

e 

i 

-1 

— 4a 

d 


1 ': 

-4a 


-i 

0 

0 

f 


-1 

4 a 


M values, With the help of table 34a we now \yrite down in tabic 25 \\\q strong 
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hold r-valuoB for tho yanio ilZ-viiliavs in tlio tttiiiio (^ohnnji and piU tho 
corroapondin^^ unknown T-factorH for weak lidda holow I, ho ili’s. Tlio 
\m^ of tlio P-Huni nilo will j»’ivo uh a set of oejuationa 

05 = 0 , oi)*}*y-Vp=Oy £ cd -//+;;-!- 7 =*=0 
Ultimately we are loft with the equation 7 /-i-y>‘=‘ 0 . 

TliuK tho problem cannot Tabic 24 (l 

1)0 corn])lotoly solvocl a>s the 
number of equations is insutti'- 
(dent for doterniiiung all the 
variables* We have 
but no socoiul equation con¬ 
necting ?/ and p. But it haw 
been found experimentally 
that y aw well aw Ac¬ 

tually small separations are 
obtaiiuicl in;p*'^ and in 

ft and they are due 
to other coupling factors. 

'^rho best example of tho 
calculation of P-valuos from 
these rules is adordod in the 

case of shells. ('h\)r f)}\ _ 

sec Qnudsmit, /-^Ay/.s*. Rev,^ 13, i)4(), 1928.) 


Combination 

ill. 

^’4 

M 

r 

1 , 

ahr 1 

!l 

0 

s 

0 

2 . 

aM 

1 

’S 

2 

■J 

0 

Ik 

aim 

.1 1 

1 

ft. 

4 a 

4, 

ahf 

‘4 

0 

•i 

a 

fi. 

bed 

1. 

'i 

” 1 


— a 

G, 

hm 

ti 

-1 ! 


-ia 

7. 

hef 

i 

-2 

■ a 

•i 

0 

8 . 

die 

^ .1 

0 

_ I 1 

— a, 

0 . 

10 , 

cdf 

1 -i 


— I] 

-in 

def 

1 — ft 

0 

— -J 

0 

U. 

aad 

i 

i 1 

5 


12 . 

aoe 

-i 

0 

—-V 

0 

Uh 

acj' 

, 1 , 

1 ‘i 

i -1 

-4 

J«. 

14. 

am 


2 

a 

"/ 

0 

15. 

adf 

1 

1 1 

4 

ia 

1 C* 

h(h 

— 1 

‘i 

1 1 

4 

— 4a 

17. 

hdf 

-4 

, ^ 

— .j' 

0 

18, 

ctvf 

-4 

~2 

_ n 

•i’ 

0 

19. 

aaf 

^ 1 

•i 

1 0 

_i 

a 

20 . 


1 

, -1 




Table 26. 


-s ill 







1. 


A 

'X 

n, 

'i 

‘2 

\ 

— 

— 

“'S' 


ft. 

a 


0 





1 

p 

p 

-•5 





0 

0 


w 

1 

a 

0 

40 . 

a 

--la 

1 

s 

i 

-4 


-in 

0 1 

a 

■Ja 
- a 

1- 4 a 


0 

'A 



1 ' 

4« 

0 



0 

~4 




0 


1 


-i 

i 

1 


a 


1 

H 

CC 

2:r 

i) 

0 

0 

0 

! 0 

0 


j*=S 

X 

X 

X 

1 (x> 

1 . 

X 

cc 


1 


V 

V 

V 

V 


WP 

ii. 

■1 


V 

P 

\ ^ 

V ' 



4 




\ 

1 

i 
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(B) Proof of Tntrrval Rurk. 

Tahla 2(i Wo .shall now bIiow thn(» 

ill tho caso ol‘ ®P-toniis 
tho InLorval Rule of 
Laml6 cun bo doducod 
with tho aid of tho abovo 
rules. Wo iiood only 
find out the absohUo 
values of tlio term intia- 
vals in terms of I lie 
factor ^a\ L(^t 

r('p„)=«). rcp,)=?/ 
v{n\) =» 

demote the r-valiioH {>f 
tlio terms. *In tlio 
present case ^Y 0 have to 
take combina¬ 

tions of tho magnetic states and P-values given in Table 24, Sucli 
combinations of two states are shown in Table 12. The final arrangomimt 
of r-valucs for strong and weak fiolds are given in Table 20, 

Hence by applying these rules, we obtain from tho above table I, he 
following three equations: 

and we have P (^Po)= -a, P (H^)=?/= ^a/2 and P (^P 2 )-;ii= a/2 
y (®Po) «=« vo+a, v(^Pi) « Vo-la 

Wo huve further Vo =• 

l)-pd-h I 

the 0. G. of tho terms is Vq. Hence tho total 

A v-r(=P2)-rCP»)=3«/2 

Plotting the values of r^Pj), r{“P|) and r(H%) as in Fig. 9, 


WO get 


rcp,)~ r(’Po)=ia 



n^P,)- r(’P,)-a '0/2 

wliich gives the interval ratio 

<Vk. ri(8i’) 

A^Ps, : A’Pio = 2 : 1 


(C) OOOUBRBNGE OP LVVBRTJCD TjCRJtS 


ro(«p) 

With tho aid of these rules wo can 

hb- :» 

prove why terms in a are inverted, 

P., 

> P. , AVe 

have from g 224 



fory;,,,. ^p^^v —Vo4-«; ^Py,^v—Vo—a/2 

. 

. . . (an) 


\ M 

o 

1 

1 

0 1 

-1 

-2 


1 

ka 

0 

— la 

\a 


STRONG 

FIELD 

0 

0 

0 

0 

-ha 

la 

"0 

-la 

-ia 

-ia 

0 

0 

la 

sr 


0 

— a 

0 ^ 

+ ia 


?=>, 

.7-0 


z 

y 

V 

y 

z 

WEAK 

FIELD 
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AVhon vv(5 tukn a (-hu conibinuLiotiH as wll as ni and y 


Tnidr 27. 


vain OK tmn bo onsily oal- 
culali‘(l witli ibo aid of tho 
])riu(5ii)loH just; iniaitionod. 

Tho workliij^' m nhown 
in Tal>lo 1^7. 

a 1) n d c, ^lono^-oK th<^ 
addiUnii vahioK 
UK ^ivon for Llio Kfcalos 
a, ^ V. in Tablo 24-, 

(—/) d(nint(‘K tha(; tho 
Humiliation givoB tho sanio 
vuluo for Mh, M. and V as 
for f with tho sigiiH 
rovor.sod, ddu; roador omi 
oasily oomparo, Now tht? r-viiluoH can bo displayod ns in Talihs 28. 


Combination 

M. 

Mt 

M ' 

r 

a bode ( — /) 

’i 

i 

M 


a he (I f (-fl) 

1 

•J 

0 

1 

0 

ah 0 fi f ( —d) 

!. 


1 

— .j 

\a 

ahdaf 

_ 1, 

►2 

1 

i 

1 

■2 

ia 

a ad of (—/;) 

_ 1 

0 

1 
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Tahlo. 28. 


. M 

r» 

‘J 

X 

•i 

«' 

2 


= i 

il /« “-i 

-iff' 

0 

ia 

1 a 

{) 

- J a 

is 

ur 

1 

-i a 

j r/. 

i ti 

- 1 a 


,/=’3 

1 

'i 


r(*Pi.) 
rc^Pj) 

r{2pp 

r(’Ps) 

(r^pp 

WQ 


Usiii^^ r-p<Tinanonoo ruk} wo got from tho abovo tablo 

r(M.% )--^a/2;rCrj)d- r('iv)-^//2 

Tlioroforo VC‘V0^a 

Honeo ^Pi and —VQ-\-af2 .('Jii) 

Comparison of (26) with (25) si lows that now tho tor ms aro invar tod, 

(D) (lU,(aJliATH)N OF B(!K1‘MCN1N0 CVwhtants, 

Tho absoluto valuo of tho total Kopnratjonsns oalculatod with tho aid of 
tlio abovG rulos hoJp xih to ovaluaU^ tlio scrooning constants for liydrogonit; 
orbits providod wo know tlio obsorvod value oC tlio total separations, Of 
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Yib 

courss, as usual the RS-coupLliig slioiild hold good, vSiich tiotiil sopara- 
tions can be obtained readily from spectral term data of the clement under 
consideration. The calculations may be performed as already ijulieated 
for two-valence cloments in ^ 277 and § 280. In Table 29 we give the value 
of 'a* and the screening constant a for elements having a //»• -configuration. 


Table 29~a-vakies for elements with -eonfiqiiraUou, 


Configura¬ 

tion 

Element 

Term 

Absolute 

Total 

Sepuratio]! 

Observed 

Total 

Separation 

a 

a 

P 

5B 

2p 

i(i 

: l 6-9 

100 

2-4B2 


6G 

3p 

lla 

42‘B 

28-2 

2-720 

pz 

7N 


0 

— 

~ 

— 


80 

i 


226 

150^0 

B‘812 

pS 

W 

2p 

^ja 

410 

27B-B 

:T214 

p6 

10 No 

'S 

0 

““ 

““ 

— 


(E) Calculaxion of MuiyriPLisx Skfabation. 


We give now one more illustration of the use to wluoli these P-rules 
can bo pub. If Russell-SainideiV achoine of coupling is valid wo can cal¬ 
culate Llieoretieally 


Table 30r 


-Midtipkt Sepwraiions for -confkju- 
raiions. 


the sopamtions be¬ 
tween multiplot terms. 
The metliod adopted 
is to obtain W(!ak 
liold T-values for 
eonipononfc terms of 
diflerent niuUi plots. 
Tlieso r-valuos can 
bo obtained in Usrius 
of (li for a siiigb< 
electron which cun 
bo luim G r i e all y 
found out with the 
help of forjuula (15), 
The (liflcrenee be¬ 
tween the r-values for diffbrent terms of the niiiUiplet eorresponds to tlio 
required muUiplet term separation, which can bo easily calculatod. 


Term 

Ti+ fP-Configuration Multiplefc— 
Separations 

1 

Obs. 

(hi. 


NotobsJ 

128-B7 

1 OB-41 

75-84 




m-2 

WS’G 

7T1 

92*05 

'•P 




122-29 

4T4 





74-1 


: 

97-82 






(97'8) 







120-46 






120V 




^F 




-59‘89 






-5r8 


J 

V § ; 

[ J ^ \ 
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Sin»ctrum of Ti+ hm horn tlKmmjjhly workod ou(; ])y TL N, RiiHacll'*’ 
uiul nd'ords uii excollont oxmn])lo (;o aho\v lui agrconu'iit hoLweoii observed 
and oahtiilaliod ion Hi plot term sopamtioiiH. The ohaorvod and oal ciliated 
sepavatiion are fcalmlatod in d\ibh^ BO. 


334. The Separation Factor A. —The fuctor A cUdinod by 
{‘(piation (ID) is culled the soparution bietor. Lt is of a fundamental 
hnportancc. hVom a knowled^'c of it wo can easily find out r-viiluos 
and vice versa, For convoniimce oE caloiihition it is better to exi)ross 
it in terms of Ui, Wo -will now M:ive ready methods of evaluating 
this iin])ortant factor in terms of r/f. The methods of obtaining A 
can be divided for three typos of term: (i) Highest term for e(|iuvalcnt 
ele(',irons, (ii) Any equivalent electron term, (iii) Non-equivalent elec¬ 
tron terms. Wo will take them one by one. 


(i) Tliijhesl term for equivalent eileelrons, —According to tlic Pauli- 
Ihiiiciplo 2(‘JM'1) electronfl are required to HU up an/-shell completely. 
But if there are only Ji^-olcctrous siuh tliat %< (2 /-hi) in the /-sIk 311, their 
* Vhi values (jan bo displayed by tiio following ache mo : 


(1) i /, d (/-I), i ..d (^-vh 1).--d {l^\\ -d I 

(2) d /, d (/-I), i .i (/‘-v-hl).(/- I), --i / 


(») i /, i (i- D, 


{l-'i) 


i(<--v+l).-i (/-l), 


r ■= i: Y, « «, mu ?«„• 

V 

\ ^ 1 / / . I \ n ^ — 1 X 

•=* 2j •!« (/'-V-h 1) (/ - - .), 


Furtliev 

r A. j\f 

wlieve i\f^ ^ 'xf> ; 

il/j^ ^ ^ Ull '1/ — 


• . m) 


ThoHd il/,s iitui i!f/, v«lut!H iini for innxinium imiltiplioily im shown in 
i5328. 

Honoo V .(28) 

(Comparing (27) and (28) wo got 

A % ^ (if ylr=3~.(280 

It is to ho noted tluit ecpuition (28') gives th<^ separation factor for tlie 
highest term in the case of equivahmt electrons alone. 


H. N, Uussoll, Astr, Jour., 66, 28B, 192, 
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Table. 31. 


(ii) Eijuivalenl EMrom.~h) § wo gavo a niothod of obtaining 
r-valuos for toraia tlue to any oquivaleiit electron eoiiligiii'ation in terms of 

the quantity o, and onipliasised 
their importamso snbseciuontly. 
It will ho our aim now to 
show that the detorniination of 
r-vfihK?s for difroreiit terms 
amounts to the determimition 
of tho separation faotor A, It 
was shown before tliat 

Vu)-V[j^ 1)-=^ A. j 
We see from the above 
equation that it we divide out 
caloulatod nndtiph^t separation 
obtained in terms of a l)y i, 
WG will obtain the value of /I. 
ThuSj in u p^^conliguratioiij 
it wHvS found that 

Therefore r(='P 2 )-r{^Pi) 
=fa^2A, Hon CO i a 

Again, r('PO-rePo)- 
ia^ Hen CO A^i a. 

The separation factor A 


Con figuration 

Terms 

Total 

scpHi’iition 

A 


2p 

If ^ 

a 


3p 

a 

i a 



0 

0 

f/.-f/S 


'j a 

a 


ajj! 

ia 

(h 


3p 

1 i a 

a 



i a 

1 Cl 


"P 

i a 

h a 



In 

ia 


“G 


A a 




-ia 



tf a 

i a 


*p 

a 



''D 

i a 

:} a 



\ (i « 

* a 



U a 

a 


®f] 


A a 



—tV ^ 

— tV Cl 


3p. 

3pj 

ia 

i a 

±f/5 

All 

0 

0 


may also be calculated fro in tho total soparation by diviiling it by tlio 
sum of all tliey^valuGS fora given nmltiplefc except the lowo4St, Tims for 
a/;2-.couhgiiration the total separation for a term is J a 


Honco (2+1) A^i a 

In this way wo can find out the separation factors /( from tho In¬ 
dividual and total multiplot separations for any group of equivalent 
electrons. In Table 31 the total separation as well as tlio factor A. for 
equivalent;; and cl electrons are arranged, Their values have been obtained 
in the manner indicated above. 

(iii) l^on-equivalmi ^kclrons ,—Our next attempt would be to oalculate 
the separation factor A in tho case of non-equivalent electrons. This 
is an easy affair for two electrons, but for morp than two electrons tlie 
problem cannot be solved because the value of the cosines involved are 
not known. It is, however, possible to find out the separation factor in 
the ease when the electron is added to a group of electrons for which the 
separation factor and the spin and orbital vectors arc kiiowji. This is, as 
a matter of fact, equivalent to two-electron problem. 
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Kow, loll iiH supposo Unit tho sopariitiou Pncstor, I and .s* voetors for ont^ 
(dotdroti un^ a\, l\ and .9i ro?ipnot;iv(dy, and for Un^ otlior olectron or ti 
^roup of olootrons l\wm quaiiUtiort are rt-,, and Tlio valuo of A in 
Hlu)\vn to 

= S'" <'***' (•'■'< *’)• 

’rho quailUnii oosinos ooiiiirring in this formula hav(^ to ho talcon ooustaiitH 
in tiino, 

"riio dotorni illation of A rof(uiroH tlio oval nation of oos (// L) and 
ooH (,sv S) \vhj{‘.ii ('an only ho dono iirovidod wo know tlio way in wliicli tlio 
(luunUuu vootors <?ombino witli oaoli otlior, For thm roason wo willnuppoHo 
in our proamit dorivation tliat tho RuHsoIl-BaundorH^ Hohomo holds i^ood 
so that tho com pi) n out tor ins of a givoii multi plot aro normal and ohoy 
tho intorval ruin cdosidy. Thus li and (loinhino to givo L, and .sq and 
ooinhino to giyo E wliich thon oomhino to giyo us J — [ L-hN | . 

Lin dor such ctaipling scliomo 

A 4^, cos (li E) 4r, (.sq^S) 

/v O 


-T". OOS cos (.vgtS).(29) 

o 

Tho four cosines occurring in tim above formula can ho caloulatcd as usual, 
so that 

j 7v(/v-hl)"l-^|(/l d-1) l)-h.S’i(,Vi-p [)—S2(A'2-h 1) 

.'■ 2r(7;H-Tr~ . ' ..'■"~aS(S-i-i)... 


I ft 1) + DH'/jI/j- 1-1) <S’(iS’H-1.)—-1-1)-|-«2(.V2-|-1) /««» 

.'ailM-i)....2 n{, 7 -m).... • 

III Uiu (iiiHii of two olnoti'oiis .s'j .s'2 = } imtl tho iibovo formula roduooa to 

.2L(L-H). .. 

.SL(L-l-l) . 


In gonoral wlicn a olectron is collided to a configuration of equivalent 
electrons as in the fornuition of some of tho neutral elements from their 
ions ilie separation factor can lie easily (udeuhitod from formula (dll). As 
ail illustration of the method wo can consider a spark term eharaciorisiul 
by definite values of I and a to which an .^-electron is coupled, In this 
case . ., .s '2 ^ I; Ij=^l]y 

■For iS*» a | -h I, A'^a\ —-A. . 

■v I -\r i 

For A^a\ y y- 
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Similarly, for otiier config'urations tlio A factors can bo oalculntocl in fcenns 
of known qnuufcities. Wo will jiow illuslrrato tlio truth of tlio |■orJnnlIl for 
separation factors by taking a con ere to example of the spcuitru of iron 
(Table 82). 

Table 82^. 



Calculated 

yf. 

Observed yl 

Tlu> 

Configurutioji 

From Adjacent 
levels 

From 'I'otai 
Sopuratjon 

value 
for (Ti 

Fe III (l^ 

n> /I = a, 



(sxp. 

>120 

Pe II .V 

0 

yJ=.S0,8l,78,70 

82 

102 

, 

5 

= 125,115,111 

110 

99 

Pel 

J - rrj 

^1=10<I,06,92,90 

98 1 

1 98 

.9, n; . .. °D+s 


A « 69,68,06,05 

08 

102 


15 

=93,91,88,86 

93 

99 

‘•D+.s 

10 

= 105,93,88,43 

(91) 

(101) 


3D A = 

= 106,160 

(i:^8) 

_ 

(HO) 


To start with we will take the simplest spoctrmn of The 

normal configuration is r/^ which gives rise to teniu Wo call the 
yl-value tor this configuration an When an *^-oleotron is mldcd to we 
get tliG, spectrum of Fo'*’ and the terms obtained are ®D and '^D for which 
yf-values have been calculated with the aid of formula (81). Iii tlie third 
and fourth columns the yl-values from adjacent and total separation have 
been put down. The values of ai in the last column have been obtained 
by substituting tho v4-values of colunm 4 in the corresponding expressions 
of column 2. Similarly for Fe I the various yl-value« have been 
arranged. It is sigjiificant to note that the ratio of calculated A factors 
for the multiplets of a given configuration is very neaidy equal to tho 
ratio of observed yl-valuos for the same inultiplet. For examplo (yl); 

(yl) a 2 i 3 and 82; 119 - 2; 2’9. Thus the validity of our formula is 
establislied. It will be seen from tlie last column that tlio values of aj 
calculated from clifiTerent yJ-values is not constant. Tliis is duo to the 
screening produced by tho added electron. This might also bo ascribed to 
the deviation from the interval rule, otherwise the agreement is fairly good. 

* Goudsniit, Ph/s, Pev., 31, 960, 1928. 
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335. Spectra of Elements belonging to Individual 
Periods.— In tlio l•ol’^‘^’()ing s<‘cti()ns the laws ot forinuUon ol: tovniH 
out of any olootron slriKitain^ lisiv(^ boon ^loscribod without any parti- 
(lular roforoiu'o to any atom or ion, W{\ hIuiII now jj;iv(i a brief 
cle.sci'iption of tlieso npc'ctra, (‘hoosing only a few r(‘pi'(?H(mtativ(^ 
oxainplos* A full do8C.rii)tion will occupy a big volume, and bu’ tlm 
knowledge of 8i)ectra of imlividunl atoms or ions, original papers 
must be consulted. 

SiM-icTUA iw /Vto.ms and Ions wi'rii: 

It is clear that spe(itra can btMdassilied according as tluUight 
electrons in the normal stab? form .v, }>y d or /-sludls, Kom(? iiiForma- 
tion of tln^ sp(‘ctra. of (d(*ments and ions normally witli tinnr light 
{^hadrons in s-shells lias bcmi already given (alkali and alkaline 
(‘arth elements), We therefore take the (deimmtH and ions with 
their light (deiitrons in tlie j^shelK These are shown in Table !*)3. 


T<ihU —Nornml atoms (uul ions 'Wilh 


\ 
n \ 

1 

2 

8 

1 

n 

0 


r, B 

0 0 

8 

7 N 

8 ( )|. 

8 0 

10 Nil’*"'' 

9 F 

10 Nir'- 
1.1 Nu+-'- 

10 No, 

U Na+ 

12 «ii’*‘+ 


m Ai, 

H sr 

15 P++ 

Id. Mi, 

15 P- 
l(i M"'"'' 

15 P 

Hi M+, 

17 Gl‘* + 

HI K 

17 (.:r'- 

18 A^’’'' 

17 G1 

18 A'*’ 

19 IC*--'- 

18 A, 

19 .K.+ , 

20 (ill'' ''' 


;ii Git 

1)2 (h<+ 

31! As'"’' 

!L> G.i, ' 
3!) Ah+ 

IM Mii++ 

fill A.k 

34 H()+ 

35 Bi’-'"'- 

34 Ho, 

35 Br+ 

30 Kv++ 

35 ,Br 

30 Kv**' 

37 III)’'"'’ 

30 ICi- 

37 Bir'- 

38 Mr'*"*' 


4!) Ill , 

50 Sii+ 

51 8 

50 Mil, 

51 Ml)'*' 

52 'ro‘''+ 

51 Ml), 

52 'I'lt;*- 

53 C-+ 

52 To+ 

53 C 

54 Xt!'*"'' 

53 ( 

54 X«+, 

55 (iM*-*- 

54 Xo 

55 (,;«+ 

50 Bit'*’’*- 


81 T1 , 

82 

83 Bi-'-'- 

82 IM) 

83 Bi+ 

81 P<i+'* 

83 Bi 

84 Pir'' 

85 -- 

84 I’o 

85 •- 

8(1 lilt*'"'- 

85 ™ 

8(1 l.lii-'- 
87 ~ 

80 Rii 

88 


"l?ho fnndamcmtal torins arise from np^y to (i, and the 

excited levels arise from np^~'^ anXy where and maybe 

.V, py d or /'as detailed on p. 722, '^Phe terms expeeted in any atom or 
ions of this group are shown in Table 34, 

V, 91 






722 COMPLEX SPECTRA [ XIV 


Tahlii 4, —7b;ms' aridmf from iho np^' -c()}ifi(jiirfiti.O)L 


Ion 

Amn 

Kx(MTICI) ATOiM 

Configura¬ 
tion of 
gl'oiuul 
state 
np^” • 

m 

S 

u 

Con (igu ra¬ 
tion of 
ground 
state 
np^ 

Terms 

1 

(uH- ], 2, 

- 

11 

(//H-1, 2, 

3,4,. ., )p 

1, 2, 


>s 

ns^ np 

2p 

2g 

2p 

^i) 

up 

2p 

718^ 7ip^ 

3plj,lg 

3,lp 

*’'(SPD) 

2’'{PDP) 

ns^ np^ 

3I> 

‘D 

'S 

717ip^ 

“P 

4»2 p 

H) 

2g 

t’2(SPD) 

*(PDP) 

*P 

(PDF) 

“(SPDFG) 



7J,92 7ip^ 

1 

»P 

’I) 

‘S 

6,3g 

3.t J, 
3>lp 

6#3p 

’ ^’>(PUF) 

1 ‘‘"(SPD) 

®’='D 

®'‘(PDF) 

ns^ njP 

3p 

*I> 

718^ 71p^ 1 

2p 

4,2p 

‘"‘'(SPD) 

HPDF) 

2p 

3.2,PDF) 
HSPOTG) 





3Hp 

^’•(SPD) 

' s>i(pj)P) 


OF TkANSITIONS, 


Tlio general transition rnie is light eleeiron should ehango 

its shell so that the / value for the shell should change by A/ d: 1, 

± 3 , ± 6 * 

A/ — 0, A/ ± 2, etc.», . arc forbiddon. 

Thus terms of column ({ or 8 can combine with terms of columu 
for in tlie first case the electron jumps from an .s^-shell to a ^>sholl 
(A^ =^+l), in the second case from a rf-shcll to a ?>sheU {A'l =" ~ 1). 
But terms of column 7, cannot combine with terms of column D for it 
reduces to the jumping of an electron from one ;>shell to another 
7;-shell (A^ 0) which Is forbidden, For the terms thomsolves AL 

may now be ± 1, t 2, 0, etc., where X —/'■quantum number of a 
term. In addition, the Selection E*rinciplo for thoy'-quantum number 
must be obeyed/br/Ac lei’ms, 

broin a knowledge of the terms and the rules of transitions wo 
can always predict a largo number of lines, but all the predicted lines 
of a spectrum have been obtained in very few cases. The lines * 
due to are given below in a tabular form for ilInstigation, 


A. Fowler, Proa, Roy. Soe. ^.,117^ 317; 1928, 



I 


srii'cfiiA OF kLFmFnts 


m 


Tho8o lines correspoiul to tlu^ Iransition 
2p'^-'2'p \]s md 2j) :\s<~2p \\p. 

nf tlu? 

elec Iron 


Tahle 

of 0++ (v 

hi vMr^\ 


2p 

'ill 

A D 

\7Tim 

'Pi 

177218 

'P2 

170901 

‘Pi 

171513 

'’Po 

X 

207443 

X 

273148 

'Pi 

Mdridf) 

207209 

207327 

207584 

273148 

'Pj 

dd'iiiri'j 

X 

207134 

207391. 

272839 

'i>j 

‘tSliiSo 

X 

247.107 

247424 

262872 

'Ho 

(101472 

X 

224204 

X 

229059 

2p,i\p 1 

'ih 

iriiKiH? 

1 

X 

23581 

23324 

17876 

'D. , 

10(1728 

2(3()U8 

20490 

20233 

20785 

'!), ' 
inontw 

X 

20620 

20309 

20921 

lF)0ii72 

X 

X 

20589 

X 

'S, 

ld:7o;}(; 

BOBOU 

30182 

29925 

24477 

’Ho 

UC278 

X 

30940 

X 

26235 

'Po 

144300 

X 

32853 

X 

27.1.48 

^P, 

144283 

3B053 

32935 

82678 

27230 

U4152 

X 

32066 

32800 

27361. 


Primed (Utd iiiiprimed fermn .—It is tileai' IVoni the above viilos, 
tliivt when a numbci* el; dillci’ent tmiltiv)lot8 avises from any eleeti'on 
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structure, they all have the same combitun^ powers* I'liiis (‘very one 
of the terms belonging to VP '^DPS can combine witli c'.vcu'y om^ of; tlio 
terms of ^PDP in so far as tluj rules for the inner (juantuni niimlx'V 
do not stand in tlic way, for A/— ^ 1. Thus pp '‘P (inn coinbiiui with 
pd ^P giving very strong lines and'this is U])par(.mtly a violation of tlu* 
selection principle Ai^O. But the violation is only apparent, as 
the selection principle for the /"(juantuni number applies to shells 
and electron jumps, and not to terms, h^ormerly when tlui idcaia 
were not very clear, one such term used to bo marked with a dasli and 
the other left iindashed, Tims the terms arising out of pj) would b(i 
written 2)p ^DPS, and those out of ^x/ would bo written as MfJ)P. 
selection principle was modified: For combination betw<<en dnslnul 
and Iindashed terms, the selection principle is 0, ±2, 

AZr 1, 3 forbidden. For combination between dnsbed and 
clashed terms, orundaslied and unclaslicd ternus, alloW(ul, 

AL=±2 forbidden. But there is no longer any a<K‘d for thus 
making the symbolism unnecessarily complex. 

The DotibleUSeparation for —The fundn.mental terms 

of the halogens are and ^P^. , Mdicre ^P 5 > ^'^P, . T^],o dif¬ 

ferences - 2Pj are of considerable interest from tlui ]joint of 
view of l^^anck^s theory [vMe chapter on Mdmilar Spvidru) of 
formation of alkali chlorides, and wore first obiaiiuHl by Mj)(t(Uro- 
seopic methods by L. Turner * They arc^ givtm Ixtlow : 

JSIeniBiit 1? (jl jjj. ] 

^09 881 fW) 7(100 om-i 




Ihe SpeetTum of inevt (juacs ,—The {jn'ound Htat(! 

lU'O Vi'j/’ ^S(,, 
tind so all inerL 


iietie, 'Plus ii(>xt 
states ni'(! a, d,,. 
as in Table ;i(i, 
Paseliouf Avas 


Coiifiguiution 


Terms 

OJ CJ 

Pasclum 



1 

}2i° 


(«+l, 2,., 

..)s 

’P»,l.2 ‘Pi 

4 

5-ter ms 

{c)n)fi (tt+1,2,... 

)}>. 

’,‘DPS..., 

10 

;xtorms 

(rf)«j}5(n+0, 

TVT. .,1 

)d. 

^‘PDP ,.. 

13 

cZ-terms 


terms /;, tt, il, ,.. 

♦ ^u'ner, P%s, Pea, 97, 397,1926. 
i Paschen, Ann. d. Plu,s„ 60, 406,1919 ; 63, 204, 210, 1920, 




S335 ] 


SPlaCTnA OJP ELEMlO^JT^^ 


725 


in tho hist ooliinuK 'rturFuiuhuiioiitiil linos ol“ No siriso from tho 
transition 2]/' sui(‘,o AJ ::l:l» 0, wo actually 

only two linos UIW?-‘Pn X 74)1*5--^So - "P,. Those wore 
hvst obtained by I loviz for tin* oos<i of N(‘ by nuMins of his vacuum 
s]>ootvo^ra])ln 

M/ilaslahle sl((lr,s\ —If a (lis<4mrjj;o bo i)ass{'d t!n*ou{*;li No and it 
is excited to 27 >^. )l.s‘'M\» ’‘pQ-statos^ there is no possibility of the 
electron jninpin/i; to the lowi'st state as it is forbidden by the scdi^c- 
tion rule for tlie inner (piantmn number (Ay — 0'-»'0 or 
Such an atom of neon ’will liave fairly lonji; life of the o.rd(U‘ of 
10'“ mi\, while tlm ordinary (‘xcibid staies Invve the life of .1.0'^ s(!c, 
{mde ^504). 4'he atom is also highly loaded Avith energy, In fact 
tile energy contained is about 15 volts. Such an excited atom with 
fairly long life is highly remdive, for Avlicn it comes into contact 
with other types of atoms it ('an communieate ilseuergy by collision to 
the latter and thereby eaii br<Mik them or <ixcite tliem to liigher state, 


Bkhimh-oonvi^iioknok, 

Pasehen* fnrtlnn' noted that Rydberg se(|neiice of the terjns 
arising out of 2p^ v/.s-comhination sliows a very peculiar behaviour, 
The terms ,s*r, can be reprcjsented by a regular Rydberg forinnhij 
but the higlmr terms of xg and bcuMinie too small and can form 
Rydberg s(a|uen(mH only Avhen we iu(u»ease tlieir values by a number 
which is very nearly 782 cm" ^ It can Ixi explained as shown on 
tho scheme opposite, 

1?lie Ne*’* ion has two states ^Pj and , 

WIkju an electron is brought to it and wlum 
particularly ‘the ^z-value is high, the coupling 
between / and x of the ^P.j or ^Pj slates is not 
brolceii. Ultimately ,\ 2 , .s-ji terms becojvic eciual 
to .s-„ ,V 5 -- 782 ( - ‘-^P. - n\ of it 

is a case of (jj )-coiipling similar to the exninjile given in §1)22. 

Tho cjonpling in neon in llm formation of 2;/* (I), i, ,. . ),s-- 
shells is thus lairtly of tho j y“ty])e and the interval rule is Jio 
longer obeyed, /y'-valucs for the terms arc given in 4^iblo 15, 
Note their divergence from Landd //-values, ^l.'lie same holds for 
other inert gases and for tho speedra of such inert gas like ions as 
Na'^ Mg'^‘^‘-- .etc. 


P, l^aschen, loo* cil. 


Rcheme I I, 
np^ 


% 

7/,S V?,S' 

2, 1, 0, ;i. 

♦s\(, Xft -S’a .S'u 
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336, Spectra of Atom$ and ions with rf^Shells.- A« wo luivo 
inontionocl in §285 tlio ^/-shell bc^^ins to bo rorinod from 8c juid it 
renches the satnrntion value in Ni tlui« givin^i' rise to the lirst traiiKi- 
tional |>TOiip of eleiiionts. Similarly ns a lance at the chart on p, 583 
shows, we have the elements of the 2iid and 3rd transitional A*roni)s 
due to the fdling of 4// and 5r/-she]ts. In §284 we have luontioin'd 
that in the formation of the normal atom thor<‘ seems to be i\ sort of 
competition between the Sd and d.s'-levels foi* the oaptnre of the 
electron. But the normal states of the trebly or doubly ionise<l atom 
is always formed of only c/-shell electrons. It is therefore convtnuent 
to start with discussion of the spectra of trebly ionis(*d atoms. As a 
typical cxnmi)!e wo begin with the spectrum of 13 in various stages of 
io!iisation which luis been completely worked out by IL N. Russell.* 


Table —AVr/te of 'neutral utnl ioitiml TiUnduuh 


Kpi'Clruni 

A 

ji n 

0 0 

n 

TI+2 

Trf- 

Tl 

i 

Of? ...(Oi) 

0, c,. )s (Ga) 

0. 6,.)n 

(I, 5, .. )(t 

.(a,) 

•■•(rp) qGDS) 

P, 5. )s (Gjj) 

^MD) 

MH4y 5>.... )« (Gs) 
HVV) •''(spuro) 
i](l 0. 5,. )n» <Gn) 

ihb . )ft (G.,) 

nm «<rp) m>i}) 
UPD) •■'(KGII) j 

UKGII) 0) 1 

HVP) qSDQ) 1 

-Is.58 I 

MPr) -‘‘(PJO 
(SPDFG) uspnrG) 

m 0,5.)j> 

'‘.‘(rap) 

(4, n,. )n 

«I) 

Of? (1, r». )d 

M<tFJ)PH) 

. )ii 

=(i»Dr) ^ 
Hami) 

nd* .(op 

■'D ''(pr) «(i»i>Ffai), 
'(SDmqsDFUi) 

MSPD) “(HPDJ 1 
sp apron) 1 

'■■(UFO) etc. 

M‘ 4p“ 1 

HDFG) ^(DKG) I 
HDFU) 

'(PJ)F) " PUF) 

qimFGii) '4pDF(nr) 
’1) Wi)FG)'a)FGni) 

•VPitFGii) •'(pOFaii) 
•'(PDFGII) 'iPt>FGin 
id .... •'(PDFtni) 


In the above table, the i)ossible electron transition's ai’(5 givem. 
(Q) donoles ground state, (Qi) denotes the lowest ground state, Oo 
the next, . . and so on. 


lltKni.Y loNisiop TiTANiiMt: Ti 
The spectrum of Ti'*"** is quite simple. The fundainental I(‘V(‘I 
is 3rf ^D, the next motastable state is 4.v and wo got linesf 
duo to 3^/ 4?? ^P. Sc’^'+ has the same structure, but Ca has 

4.V > 3^/ as discussed in § 284. 


* H. N", Russell, Asii\ Phy$f. Jour.y 66, 13, 1927. 

‘[‘Also the ex is fen CQ of ii strong pair of lines duo to the tmnaidon 
has been observed. It has been found that all the series follow a 
Rydberg sequejicc nearly. Heneo the absolute values could ho dotermined 
in the case of Ti+^ spectrum, 
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SPECTRA OF ATOMS AND IONS 

OouBT.Y hmiHm T^lAN^J^r: an 
More llussell traced tlic linos 

(A, B)~^ (0), 0- (A, B). 
wlioro B denotes higher Rydberg seqiionco terms to B. nnuis B is 
i]fl <l:,v, and B denotes iW (5^, (i.s-, 7.s‘, ahe fimdaniental lines are 

due to (A, B)-(C). 

A conipris(?s I) terins, B, 4 terms, and G, 12 terms. All thoH(‘, 
terms have been found by Russell Here Russell counted term- 
values upwards from the lowest known level, vix.i '‘F, for tlu^ 
complexity of tlu! sp{’ctrnm made the obs(u*vatiou of a Rydl)(\rg 
s(M|nencc dillicnlt. '.rim next higher in energy, but considerably 
lower in term-value is the level Ad4s ‘‘D. ahns we have ^F=-()‘() 
and — 1180(13*50. Mence Ik/^ > Ad- 4.s‘, and both of those may b(^ 
(*alled grotuul levels (or lk/4.s is a inotastable ground level). All the 
other terms predicted in the sj^ectrum ai'**’*' according to the theory 
of llund have been identified. 


loNiSKD T^TANTln^r.: ai*** 


Tin’s ion gives an enormous number of lines which Imve been 
traced to the transition (AB)"”0. A gives 19 terms, B gives 17 
terms, and Ogives 45 terms, 

UroHud Slalfis .'—^The formation of the ground state nowbccoimrH 
interesting on account of the + 


3fi“ 


u 


3a 


Ti 


/ 


3a'* 




¥ 


<1^0 






3a 4 h^;} 


com])etitiou betweam tlu^ Ad and 
4.v-levelH. 'riu^ pro(u>ss <ain b(^ 
thus illustrated by b'ig. 10. 
ill the ground state has two l<wels 
Ad'^ and Ad 4.s* both of wliich are 
probable and have actually 
been found. Wlum we come to 
we can get. live ground Htat(i 

by adding omt inore (fiectron to (uther of the two states ofTl'^*’*', 
Here again the add<‘d electron can be either or 4.s‘ so that we will 
got three j)rol)ublegronnd stat(!s, vh., Ik/Ms*, Ad4s^, .Now B//^4.s' 
gives '(in?) and lk/‘ also giv(^s HFia. As a matter of fact two sets 
of low IF and terms arc observed. Formic sot the valuo.s are 
‘‘F-(), Oim, 225'47, 393*22 cnr'. 

Vi)y the other 

IP -907*90, 983*80,1087*21, 1215*58 cm-' 
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It is cliflicnit to say which of these two sets nriso from mid 
which from Similar difliculfcies are very frequent in coni])lex 

spectra and a good deal of ingenuity has beem displayed in finding 
tlio pro])er electron structure for any term. The reader may voFer 
to Russell^s original paper. 


NjouTiiAn Ti. 

Tlio neutral atom Ti also gives an enormous mnrdier of lines 
which have been traeed to the transition A is no longer 

observed, 

Grouvd Tlic formation of normal levels can be illnsti’n- 

ted now as before in 
the ease of Ti (Fig. I ll 
Here also got 
tlireo ground I e v 1 s 
which are duo to 
3/:/''^4.v^'’COinbinations. 

337, Spectra of 
Other Elements of the 
Transitional Group,— 

Tlio above brief desoription of tiie spectrum of titanium is typical of 
the spectra of all ele¬ 
ments from Sc to Ni as 
well ns with certain 
modifications of ele¬ 
ments belonging to the 
TI and III transition 
series. We have sim])ly 
to ehange the index 
of d ill table 37 suit¬ 
ably and wo got the 

clootvojl stl'UCtllve of (normal) jp mU, -Ip 3i<«4s= Ip 

any iitom or iou. Tims p,(Ex,Hed) J,, 3,,.\jUp 

suppose we want to 
study the spectrum of 

Fo in different states of ionisation. We have simply to write out a 
table identical with 37, and increase the index of d by 4 as Fo 
is tiic fifth element from Ti. Wg thus get the above picture 
(Fig. 12) of the formation of normal states of Fe in the different 
stages of ionisation, * 


/\ 

3rf is 

M <!» 3rf “Is 

UlVv) 3iW(‘*s) 

/1\ ./l\ / 


u 


.1 




v 


M 


Ti 




/ 




\ / 


3i/2.1s 


3(1®.Is 




■ / 

Ti (noi'iiiwl) 

(ru.( 

y y . y 

Ti (Excited) 3d®4t> 3rf*.l4.)p 3(/4»^4p 


\ / 

Is M 

\/ 


Sdis^ 


rig. 11 
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The excited states can be written as explained under 
titainuni. 

338. Transitional Elements of Groups II and HI. —The 

formation of spectra of elements belonging to transitionii! groups 11 
(39 Y to 4() Pd) and III (71 Lu to 78 Pt) is exactly similar to those of 
the first gTOupj except in non-essential details. Por example, if in 
Table 37 giving the terms of Ti in dilferent stages of ionisation, wc 
increase the quantum numbers by unity, wc obtain tlie terms of Zr 
in different stages of ionisation; if the total quantum numbers be 
increased by two throughout, we sliould obtain the terms of Hf in 
different stages of ionisation. But the term separations increase 
owing to the larger nuclear charge. 

Ill group IT, it is generally found that of the terms arising 
from the compositions Ad ^ 5.s*^ 5.9, those due to Ad^"^^ 5.9 

are usually lower. The reverse is the case for group I, except for 
21 Gr; in group TI, terms due to have also been identified, and 
sometimes they form the lowest terms, c.g., in 46 Pd, ^So, . . » 
gives us the lowest term, 

339. Spectra of Rare Earths. —Wo have previously descri¬ 
bed that the formalTon of the rare earths may be explained as being 
due to the lilling u]) of the djAshell, witli three electrons distributed 
among fu/ and (i.v-sliells. "I'ho electron structiiro of the trebly ionised 
elements can bo confuhmtly taken to bo d/*-" where x varies from 5^oro 
in La to Id in IjU, Tl\o. general structure of the neutral atom is 
ex])Gcted to be Af^ (l.v or 5d G.v^. An apiilicatiou of Paulina 
Principle shows that atoms and ions of this typo will have for each 
electron-structure a very larg{^ number of levels giving rise to innu¬ 
merable linos, As a matter of fact, the spectra of all rare earth ele¬ 
ments show thousands of Imes and it is very difficult to separate the 
iines duo to elements in difforciit stag(is of ionisation though some 
very valuable work in tin's line lias been done by King.* Nobody 
lias yet mnstorod sudiciont (umvage to undertalco the clasisifieation of 
the lines of any of these elements in. the successive stages of ionisa¬ 
tion. A good beginning has been made by Meggersf and Russelhj' for 


* A. S, King, various papers in yl.s7n ,/ow., 68, 194, 1928; 78,221, 
1930, etc, 

t F. Meggers, Bm\ Stand. Jonrn. Re.% 6, 7B, 1930; 9, 239, 621), 1932. 
t H, N. llussoll, ihuLf 0, 625,1932. 

P. 92 
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La, ami Ln, Lii'*'"*' (partially), A few other 

elements liavc also been tackled by otlier workers.’*' But auythitig 
like a complete classification for any element seems to be far 
distant, though from the experience already gained some general 
observations may be made. 

In the case of transitional elements we have spoken of com¬ 
petition between the 3rf and 4>9-shells, In the case of rare earths, there 
is competition between the d/J od, G,V“shells, Thc.,W and (i.ssshells may 
be taken to bo equivalent, but the ^/-shell is not so, /.c,, there can 
bo no lines duo to the transition of the electron froju 5^/ to ()N but, 
there may be lines corresponding to tlie transition from 4/ to M 
or to {i% all other electrons remaining in their position, intro¬ 

duces a further complexity, since it is equivalent to the existence 
of allowed transitions oven amongst levels arising from the funda¬ 
mental electron structures. Thus fundamental Hues arc scattered 
all over the spectral region and the linos of elements in dilterent 
stages of ionisation arc all mixed up. AVe illustrate these remarks 
with the following examples taken fropi Bussell and'M.ogger\s‘f 
analysis of the spectrum of La in the different stages of ionisation. 
Lauthnnum may be considered to present the simplest ease ns 
normally the formation of 4/’-shcll just begins in Ija. 


La+++ 


La++ 


¥ 


bll . 


a 


=.0 

= 1,603-23 


0.9 ----— 6 /)- 6 ;^_ 

= 18, 690 D7C -42, 014-92 82,378-76 

“iPj -45,110-64 83. 812-61. 


Tlio spectrum of La'*-*- is scon to bo quite simple. 'Plio lowest 
levels are given by 5</, and Gs is mctnstablc to it. I^ot us now take 
La-*-, 


* For rePoi-eiico see Semios of Modem Pliiisios. 4, 417, to 420, 
1932. .> > > , 

f Russoll and Meggers, loe, ml. 
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SPK(.n'jui.M oi'' fva+ 


Ijf/++ —ii(/.cor<! 

r.f/a/ 

. —-]/-<Km3 

4/'* 

: Tjffl-4 ~(i ,s-covo 

<!/'()« 
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ifU 
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1 

(tsVifi! 
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1 

5^/ G.s- oc/Gp -0^/ 

1 

iftis—Aftid . if till 

1 

. GsGp -(is' Gd 

r«/2 ^Pj = 00-0 

= lOKi'lO 
^F, = 1970'70 
eic. c‘Lc. 

4/T)(/ HL “ 1«''0‘J-17 
etc. ole. 

(i.s-« iSq = 7301'o7 

f)f/ (i.s' *Dp = iitn-wo 
fDj =2»9100 
®i)3 = ii2r)0:'3r) 
etc. etc. 

\ftiH >F3 - ir)77H-77 
®Fj = 14l(t7SW 
®F3 «« ]<1973*17 
^Fh = ir)0l)8-74 

d/2 ML <= 73107 23 
Mir, = 331)82 09 
Mlj == 3()8!]7’91 
cU‘. oU\ 


Sj>J';ctiuj.m <n>' La 


La+-5f/^-con) 

La+ —F)d Cs-coro 

La’^-C^‘^-0010 

i f 

1 

1 

r)(/0.s-4/ 

\ 

GsHf 

1 

TwP 

\ 

1 

1 

( 

G}{^\id--G/Gp 

1 

.. , 

M - GflGtiGp . 

) 

1 


TIk! (sLnu'Uu'iis KiviiiK riw to llu> lowoKl; tcniiH nws rw/20.s',.... iiiid M 


Lot iis SCO what 
will be the .speetvmn 
of Co in (lill’oreiit 
stiigca of ionisation. 
Wo have siinjily to 
add i f to the fiKuvos 
of La and work out 
the levels accordiiiff 
to Paulies Princii)le. 

There can be 
other possibilities 
which we may work 
out as in the ease 
of La, 


oi' CmuiiM. 
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if. ({,v 
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-4/'’. tip .etc. 

if.lkl 

I 
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The spectrum of Co 1ms been partly classified by Karlson’^* 
and he found that the fuudaineiital levels are obtained from the 
follo^ving* electron structures; 

ifM (5.vM 
G.s^ j 

340* Double Electron Transition,—It might have been notic¬ 
ed that in certain oases, two electrons maybe siuuiltaneoiisly involved 
in a given transition. Tims take the following transition in Ti*^: 

is ip which consists of the two transitions 
+{3rf'<-46‘). In this case, the 4s and ip electrons from the excited 
state 3d is ip both pass to Sri forming the Sri'^^-stato, One transition 
(3ri<-4p) is allowed, the other (3ri-f-4.9) is not allowed. Such 
transitions generally give rise to Uno.s which arc less intense than 
tho.se observed in one electron transitions. 

The rule of transition may be easily formulated (Laportc); 

Alf ^ ± 1, 3,.... etc.(32) 

Here 4* denotes the /-quantum number of the electrons involved in 
the transition. 


The case of two electron transitions is probably best illustrated in 
the spcctrnm of On, Sr andBa. We gave a description of the spectra 
of these elements in § 276 and § 284. But bcside.s the Hues described 
there, which were shown to belong to singlet and triplet .spectra, a 
group of strong lines remained outside the scheme of cla>s9ifioatioii. 

But yet there could not 



Table 

38. 


\ds ip 

3l/2\ 

- ®Po .,3 

S4U60 

n\ 

OilOOO'G 

3p 

339887 

10887-i 


23207-6 


3pi 

10839'8 

23306’9 

23264 

23148-0 

3P2 

10763-0 


23341-6 

23235-7 


be the slightest doubt 
that they were connec¬ 
ted with the arc spec¬ 
tra of those elements, 
as sojne of them could 
be classified under the 
ns np ^P-lcvels. One 
such set of lines for 
Ca is shown opposite. 

The '*Po) u 2 terms 
(107 53T, 10830’8 and 
108871 cm^ involved 


in the production of 


these lines could not be identified with any known triplet terms of 


Kadson, Zs, f. Phys,y 86, 482,1933. 
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calouiiii, liussell and Saunders* undertook an extensive investigation 
of these and other lines of Ca, Sr and Ba, and arrived at conclusions of 
fuudaineiital importance for spectroscopy which led ultimately to a 
clear conception of the rules of formation of complex spectra and of 
llusscll-SaLiudors coupling. As these conceptions have been introduced 
carliei\the results of Rus¬ 


sell and Saunders can be 


The Ca-spectrnm 


easily stated. Ca'^, Sr'^, 


A^orm«/ Tci' 

mu j /l?io»irt/f)n,<? Terms 

Ba*^‘ liavG the normal 



13711 Cn\,->2d 

levels ns 5, 



/w 

/i\ 

respectively) but the 


A 

/ 

■s 

3d 

\1/ 

;trf 

\ 

('n‘-l)d ^1) levels ai^o also 

Ca (normal) 

/ 

As^ 



ids 3dl 


fairly large, and iiiay be 


% 

4i 

f] 


„ ^(FP) '(CDS) 

called nictastablc, as the 



1 


i i 

P 

total qiiantiun number 

Excited State 

As Ap 

I 1 

j 3d 

of d is smaller, Wo can 



3,1 

P 


now conceive of processes 








as sliown in Fig. 13 illustrating formation of the states of the neutral 
atom out of the normal (4.s‘) and nictastablc 3^/ states of the ion.s. 
4'orins lying to tlic loft of the dotted dividing line give rise to 

tlio regular singlet- ,-valms of Ca 

triplet spcctrjulca- ----- — -—--- 

oribed on p. 888. iid.Cd^P M.7d^'V 

The terms to the________ 

right, winch arc ^j^OOgS -8333G -1008G 

fumlogous to the ,103.39'8 7(i7M -49830 -8313'1. -10003 

terms of the coni- 10887-1 780-0 -4977-9 -8300-4 

plex spectra are----------- 

the nnomaloiis ones i •‘vnluos 

of which an ox- ' “ ^ 

ample has been 4.^ 3rf.r>6’ Brf.Gs 3rf.7.'^ 

cited just now»----^- 

Tlio large ^?-tGrin8 28955*2 .11652*4 0559*7 4251*0 

clue to 46*. Sd ..-------—--- 

28903, 27465 cm’' ^ may bo said to be common to both systems of tcrm.s. 

The i> 2 terms just now cited were conclusively proved 
to be due to the 3rf^-combination in the following way. 

The arc spectra of those elements were further investigated 
for very faint lines* which can be regarded as forming higher 

* RusseU and Saunders, Jour,) 16, 88, 1926. 


n^Bi-vnluoH 


7l^Di 

M. 4s 

3rf.5A’ 

3d.es 

3d.7s 


289r)5-2 

11552-4 

0559*7 

4261-0 
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Rydberg sequences of the multiplct A number of suoli 

inulti])let ^Pq, i, 2 -tcrms were found which eoinbiiicd witli Av. 42> 
^Po, 1 , 2 of Ca. Their values are given in Table 30, 

The most remarkable tiling about these terms is that they 
become negative after n ^ 4. Russell and Saunders ' proved* 
tliat these terms follow a Rydberg sequence only if a number 
equal to ca 13700 be added to them, when their values approxi¬ 
mate to the nd values as shown in Table 30. Now 
the diflereucc betwoou Oa'** 4a* ^Si and lid ^J)i is 1371L 

The case is analogous to tliat of No and the example proves 
that the series of ^P terms arise when the Ca'^ ion is in the 
state, and a fresh electron is brought to any higher quantum state 
to form the neutral atom, 

With tills clue, a large number of terms belonging to such 
electron structures as 3d up^ 3d nd ^. , . , etc. . ♦ , were identified. 
Such linos are more prominent in the spectrum of Ha as the M 
term of Ba*^ is almost equal to the C.s* ^S-torm (Av = ^S.j. 806(i4‘0“- 
’'Dh 767817=4883*2 cm**'). 

Terms' arising out of such structures as 3d fid, 3d lyp for Ca be- 
como negative with respect to the normal term 4x^‘^So. The interpre¬ 
tation is now apparent, These structures are produced when botli the 
valency electrons are displaced, say in the production of 3d fid, the 
first from 4.s‘ to 3d and the second from 4rS' to fid. T\m total energy 
required to cause this displacement is much Inrgcir than tlic energy 
of ionisation of the atom. Thus though tlio atom is neutral it has 
got added to it more energy than needed for ionisation, 

341. The PP**multiplet8 of Magnesium-like Elements and 
Ions,—Multiplets of the kind described in (ilio foregoing section, whieii 

Table 40—The mUriplei of Mg, coiidgtinUion 

- in which two electrons are dis- 

'3976‘^ placed arc not confined ■ to Ca, 

^ Sr, Ba, but are quite common in 

ofclier eleinonts. Per examplo, In 
-Mg, the normal constitution is 
8s2, and the excited levels arc 
36921 obtained when wo leave one 

359C2 ®kctron in 3s, and allow the other 

- electron to pass to the higher 



* The suggestion was put forward almost si mnl tan eon sly by BOhr 
and Wentzol, Pliys, Zeils.y 24, 106, 1923; 26, 182, 1024, 



§3421 


INNER TRANSITION 


735 


3 ;?, M, .,. . etc. Tliis is the mechanism of production o£ the usual 
singlet and triplet level, but like Ca, Mg and other iso-cloctronic 
elennents (A1+, . .) show lines which cannot be fitted in tliQ above 

Hchemo, Millikan and Bowen showed that they arise from tlio transition 

Bs Bp 37;^ 

iP, sp (ID,, iHo) 


ie, in the production of these lines, 
botii electrons of Mg are raised 
from the *6s to the Bp-eon figuration, 
giving rise to the IcvcIb 
ID 2 , ^So, and when one falls back 
toBcS', the lines forming a PIMnulti- 
plot are emitted. Tliis is illustrated 
for Mg in Table dO* Millikan and 
BowoiP^ found that the lines arc 
strong and for ions iso-elcctronicwith 
Mg they follow the law of arithmetic 
progression as shown in tho 
opposite table. 

The value of tlu^ ^Poi 1 j 2 “ 
terms is extremely small, and probab¬ 
ly tho Bp, dp-ter ms would hccomo 
negative. The reason is obvious. 
In tho normal condition, both 
eloetrons aroin tho level In the 
Bp 2 -stato, they are both transferred to 
B 7 ;. 'riie energy required is almost 
e(iual to tho ionisation potential of 
Mg, tor tho electron has to go from 
Bs to Bp twice, for wliich tlm ojiorgy 
is more llian double ot that required 
for transition from B^; to Bp, 

342. Inner Transition.—In 

cases Avhoro the normal constitu¬ 
tion is 'np^ , Hues are obtained 
coiTospouding to tl\e transition, 

np^ <-ns 


Table 4 L — VV-groap of Une.^]' in 
the hvo-vaUnee eleclvon 
Mg lioCAVL 


Element 

Xiu A.u. 

V 

Mg I 

2777T)0:i 

BG00.P5G 

2779'084 

B508B‘08 


2780-():l9 

35902-9(3 


2782'22G 

35912-44 


278!3-783 

35922-35 

2o727-04 

A1II 

.I7(i0-|2 

5(3814-3 


17(11'90 

HGTon’O 


170:t95 

50090-9 


17CiV8l 

50031-2 


1707-75 

565091 

202!)r>-r) 

Si III 

1294-52 

77248-7 


129(5-73 

77118-1 


1298-9:1 

76936-4 


1301-13 

70855-3 


1303-34 

70726-0 

200.m 

r IV 

1025-58 

97500-0 


1028-13 

97264-2 


1030-53 

97037-1 


1033-14 

90792-4 


1035-54 

90507-9 

jims-n 

S V 

849-25 

852-19 

117701-1 


117345 0 


854-81 

110985-0 


857-83 

116573-3 


8(10-4(5 

116216-9 

lom-e 

01 VI 

724-13 

138096-8 


727-54 

137 449-5 


730-31 

136928-2 


733-89 

13G260-2 


730-76 

136729-4 


* Millikan and Bowen, Phjs. ?16, GOO, 1025. 
i* Takcm from Millikan and Bowen, Phys, Rev,^ %% 150, 1026, The 
UlS-terms have not been identified, 
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A number of snoli lines was disooverecl by Millikiin, Bowon*^' 
and other workers, AvS is obvious from the aboyo scheme, 
the outermost electrons arc not disturbed in the discharge, ns is 
usual in ordinary spectra, but one ox* more electrons arc UftexBfrom 
the inner 5-shcll to the ^J-slieU. Tlie lines owe their origin to tho 
reversion of tlie excited electrons to the s-shell and th(?rcforc sucli 
transitions may bo called inner. One jnultiplot of tliis tyi)e is 
shown below in Table dlr^ 


Table 41ar 


-Inner Transition 
for AL 


AV^hen we take an iso-eloctrouic 
system of atoms and ions wliose 
nuclear charge incroavses siieeos- 
stvely by one, the iniiltiplets are 
found to obey tho law of arithmetic 
progression (irregular doublet law), 
as in tho case of Mg-triplets of 
PP systems. 

SrECTIUr^ LINKS PUJO to KKMOyAL 
OF FLKOTRONS FROM JNNKR HTTKLLS. 

It appears that tho phenomena 
described above are quite general, 
and wliorever technicino has been snccessfullj^ developed, linos are 
obtained which are due to removal of electrons from some inner slioll 
into outer valency shells beyond the outermost shell of the normal 
atom, Tims in tho case of A1 (normal constitution 3p\ Pasclioni' 
obtained lines due to inter-combinatioti between levels arising 
from the structures: 


3/1 

3s3,)®\^ 1 

\ ' 

2Pi 2Pi 

d8280'96 48(68-0 


1 1768-95 

-8302 

V 6C630-9 

2Pf 

v56728'3 V 66G16'2 

-844C 

j U7C2-79 'i 1766-31 


ds dp ns , 3^9 dp np , 3,9 3p nd 
Ill such cases, the transitions are governed by the Laporto rule 
XAli - ± 1, ± 3, .,. etc. 

where li denotes tlie /-quantum number of the electron involved in 
tlie transition, 


343« Absorption Spectra due to Excitation of Inner 
Electrons.—^Tlie phenomenon is not only confined to omission, but 
extends to absorption as well, as has been demonstrated by Beutlert in 


* Millikan and Bowen, P/WA9, 36, 160, 1926; see also Pnschen 
{mfw), 

t P, Pasclien, Ann, d. Phys,, 1% 609,1932. 
t BeiUler, Zs, f Phys,, 86, 496, 710, 1933; 87,19,176, 188, 1934 
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tlioca.S(M)l: ZiijOtl, Cs aiul probably will bo round for all (‘loinruts* 
Wo ilhistrato tho caso with rospoot to Il^‘, 

Th(rHp:-atom liaH ^‘ot tluMiornial Htruotur(^ and ail tlio 

lino8 or normal TIfy-spoctruin uro oxplain(‘d by as^muiiiu,' tliat tlu' 
has tho conlif^iiratioii and tlu' furl.lu‘i‘ oxoitcai states 

aviso from tho conplir^^’ of an oioctron to Mp,''*T)r/^^(is’“(M>r(‘ in any 
l<‘vcl Iiift'lior than Its*. 'Plnrsc^ tovin.s uro all ])OHitiv(?, Tint absorption 
sijoctrnin of normal I Iju:-vapour consists of a .so(|n(aic<‘ of linos- whi(‘Ji 
(U)rrosponds to the transition of tlio electron from tho normal (ts'“ to 
th('. Its* //^^-stab^s, tho linos Ixan^' % 2h3(> (bs^ — bx (>/) ’'lb)> 
?d8!l) (its*" ^So ™ b.s' (i;) ct(*., forininu: th(‘ principal sori('S whi(‘Ji 

(•onv<n‘^‘(^ at tin* limit X I ISS ; this c*on'cspon(ls to tho ionisation 
potential of lO’HM volts. This is followed by a fooblo contiiinniiH 
absfn'ptitm o,orrcsi)ondin^' to tho ])hotoiotii8ation of tho Mg-atom. 
Ihit Hoiitlor carried the absorption (ixporimeiits furtln*r in iln^ 
ScJminann region and found a tinnibor of sharp ah.sovption liinss 
below ^118B om^gTonp of whi(*.li apparently fornu'd a Rydberg .sori('H 
as shown below : 

Tifhir ILK — Ahsiyrp/ion .syvvV.v in lltj <hn* la the vxeitalion nf 
the afl.-eletilroiK 


Transiliojis : 5r/i(J iSq -*• up Ub* 

Snno^f Ihnil: llg^* 1 111(102 ear i . 


u 

Absorption 
iim^ 7i in 

V 

in cni"* 

7iX 

T(?rm valint 
n4V‘ri’<‘(l to 




A.u. 

'So “84178 

I’lii-1 

35514 


0 

1301 •00 

7(i8(i(l. 

7314 

42828 

l-(i01 

7 

Dd'i/dn 

105881 

-21703 

13811 

2‘HIO 

8 

8i)(»’(K» 

112272 

--28004 

7420 

8-H4(i 

0 

Hon-ito 

115035 

-ilOHfi? 

4(157 

4-854. 

10 

858-88 

J10408 

-8-282(1 

8104 

5-8(12 

11 

852-.I2 

117355 

-88177 

2887 

0-852 

12 

8(18-07 

117015 

-88787 

1777 

7-858 

13 

845-20 

1IH307 

-84120 

1885 

.8-001 

14 

848-42 

I185()5 

-84387 

1127 

0-8(10 

10 

84202 

118702 

-84584 

080 

10-80 

l(i 

84(1-07 

118012 

-84784 

780 

11-80 

17 

840-18 

119020 

-84851 

()()8 

12-80 

18 

880-50 

119111) j 

-84041 

578 

18-84 

. 

.. 



. 



'riio origin of tho series was traocKl us follows, Hinw. tlui 


lines are due to absorption by normal fJg-vaponr, they lunst be 
repr(*s(mted by the formula, (i.v^ ^So-v/a; AV(M)ave now to lind out 
F. o:i 
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the eleotroii (iompositioii yielding the sequcnc(is iu% 'I'heii* values 
are given ia column 4, It is seen that they become negalviv<i aftei’ 
tlie first term, and heiioo cannot be due to any (‘lecfcroii stnicturo in 
which the Hg'^don is in the normal state Sd^^O.s', 'Plic next 
inetastable states of Hg'^-ion are 5d®6.s‘^ and the values of 

these terms'referred to the -term were obtained 

by Pasclien* from im analysis of the spoetrjjni of Hg'^. "rhese 
values are given below: 

Hg+rvP^().v - 0 enr^ 
rW'6.s'^ 2D. - 1355:1.4, - 50554 car ^ 

A reference to Table 42 shows that the 7/.T-tevnis tend to n 
limit which is very nearly equal to 355.14 cm" Ac,, to5^/^^(tv 
Hence nx must be idontiliod with a system of lev(^l- 
values arising from the configuration np. '.riiis is furtluu' 

confirmed by the fact that if ;^^^>'vallles be inci’(uxsod by 8 — 3551-1: 
onr\ the terni-valiios so obtained form a Rydberg scaiueiuaj 
having the series limit l.U)002 cin"^. The ny — {hx + 8)"vaiiics 
are shown in column 5, and the -values ghuni by v/,, ~ ViiJ/v are to 
be found in column (5. It can be shown tliat the ?? 7 /-vahie 8 Jmiy 
be represented by the formula 

__ li .. 

{Ufi + a-\-^/u^y * 

Tile state 5d^ np gives us ^’’^(IH)P), and only one of the sets 
'/PPi has been traced. Rentier found another sot of absorj)tion lines 
having the series limit 134732 cm' ^ This is due to the •transition 
^So - of combination (5d^().s‘^ ) np^ n^i\ 7, 8, , , . , 

and tills arises from the Hg'^'-ion 5d^ (3.9^ ^T).j , Tlui coupling is 
of tlie 77 -typG but we have used tho notations suitable for RS-coupling 
for tho sake of convenience of description, ':rhe result of those 
investigations can now bo summarised as follows. When light of 
pro]ier wavelength falls on the atom, they can, if the frequency be 
.suitable, act upon the inner elocti'oas and throw thorn to any one of 
the outer allowed levels. In the present case the act of absorption 
consists in the ejection of the electron from the inner 5</“levol 
to the external ';???4ev6ls. In a way it may be regarded as an 


Paschon, Bari. Ber.^ 1928t p. 536; J. C, McLonnan, A. R, McLay 
M. P (Yawfonl, Pm. Boy. Boo. A, 134, 41, 1032. 
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cxtonsinn oi* fcliG idoii (d' inner tratiwitioiiH described (jarU(‘r, 
8hiular absorption linos tnivc boon obtained in the cas(5 of Zn, ( VI 
and Cs and probably will be found in all cloincntH. 

Ul/IMOV luNrHATEON. 

It is seen from Table 42 that the amount ol' enoray recpiircul 
for tlu? Iransfereiua^ of the (dcaitron from the r)r/-l(wcl to the (ijj-h'vcl 
falls sliorfc of the LP. of lla; by a very small amount and in the o^nso 
of transforenco to any one of the ]ii|j:hor yy??~levelH the enorj^y 
actually exceeds tlie I.P. d’honuh in such a pnuMiSs the atoms 
do not lose any electron, '/,e„ remain normal, its energy content is 
much larger than that r(a(nir(Hl to Ionise the atom, A similar 
idumomenon is known in the cas(? of molecular spectra whore sonu^- 
times the combined energy of the electronic excitation, vibration 
and rotation may be larg(U’ tluui tlm (UK'rgy required to di8aociat(? 
the molecule, When such is the (ais(‘ the band lines become dinnse 
and give ris(i to a phenomenon called IW-dimudatioih 

Tn tli(* ease of Hg-vaponr, Lawrence*, by the (doctron bombard¬ 
ment method found a niimbc'r of critical potentials which, are higlua* 
than th(i I,P. of Hg, but less than tlie energy r(jqnirod for the doubht 
ionisation, A few such valuesi' ar(j 

lO’fiS, 10*88, irnih llV8r> Volts_etc, 

A lew of tlu'se critiiail potentJals hav(! been ideutided with 
th(5 process of transfenmcc? of the n^if-chaitron to any one of tln^ 
outer valency level,s. It appears that the phemnnenon is very 
general and Shcnstoiiet has suggestiid the name for 

it, .b'or details ol: this suhjoet original ])aperH may be (joiisulbid, 

344, Calculation of Term-values, and Ionisation Poten¬ 
tials,—.D kfi.niti{)N ()F tuum-vaIiUKH : dlio determination of tin* ab¬ 
solute values of the terms in the (mse of (complex spiudra pre.seiits a 
problem of some ambiguity, In tlu^ ease of aJkaUcH, the value 
of a term re|)re.sonts the (mergy rt!(j|uir<ul to take', tlu^ olectron to 
inlinity wlieii atom is in a. stat(‘ which giv(‘s rise to this term. 
Thm when we say tluit* 

of Na 41448*11 cm"^, 

* hi 0, Tjiuvvimee, /V///,s\ 28, 047, lOt^ii. 

t A, G, Slu^nstom^ /7/7/s. Rev., 29, 880, 1.0'J7; P. Smith, ihid, 37, 
308, 1931 ; li. G. LoyarUi and M. TI. du Pose, /%«. Zeils,, 34, 598, 1933, 
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the iiuderntiindiiig is (41448'()) or r/IJGH c!io(iti*oii-voll;s oC 

energy uro required to remove tlic electron wtiicli is in )i.s‘ -level 
to iaiUnity, or it wo write synibolieully : 

N{i av + r/Bbs volts - :i^a-<-+r?. 

But applied to conqilex sijcctru, this definition of teriii-vnliHJS 
becomes aiabignous, unless the state at which the ionised atom is 
loft is clearly deiinod, Thus for Ne when we put the values of 
No Ss == 39887‘()1 caP ^ we make the tacit assumption 
that the reference state is No’*' 2p^ and not Ne'*'2^/' ^ 

'Lc.^ Ne 2p^ 36* + Ac (39887'(i cm*"^) +c, 

But if the rcfcroiico state wore Ne'*' 2 p*^* the valine of Ne 
2p^ 3.V "P 2 would be 39887‘6 P 782 cm' S as Ne'*' 2y/ ('^Pj - M"] ) 
=782 car 

In the case of Na, there is no ambiguity, as Na"*' 2p^' possesses 
only one stable state, m., ^ 8 or 

'^rhe ambiguity, wherever it may exist, jiiay be removed by 
taking the lowest state of the ionised atom as tlie reforoiice state 
as we have explained in the case of Ne just now* But tins leads to 
the difliciilty that the values of the terms arising from the jncta- 
stable state of the ionised atom when referred to this standard state 
no longer satisfy a Ilydberg sequence formula. This has already 
been illuBtvatcd for Ne, and for Ca, Sr, Ba and this feature is very 
coiiiinou ill complex spectra. 

N.B ,—^Refer to p*725 forl?e, where it has boon shown that 
the 6 ' 2 > 6 ‘ft-sequouce of terms follows Rydberg soqueuce when 
782 cin'’^=Nc'^ 22 ?®(^P§ ) is added to these. Sec also the 

case of anomalous terms in Ca, Sr, Ba S 840. 

OAnouLATiON OP Absolutp Values of TFirAJ.s* 

It has been explained in §83, that the absolute values of nlltcrjus 
in any spectra can be determined if only the value of one term can bo 
obtained ivith precision, But this again depends upon the possibility 
of bi’acing a sufficient number of terms forming a Rydberg seqnonce. 
But this is possible only iu simiiler types of spectra, for complex 
spectra where hundreds of terms are involved, it is very difficult to 
trace terms which follow a Rydberg sequence. In fact in the first 
transitional group, only the term values in the specUa of Cr may be 
said to have been determined with precision by Catalan* and Gicsoler.t 

* OatahiJi, Phil Tram^y 283, 127,' 1922. 

f Qieselev, 7jh. f\ Php^ 23, 228, 1924. 
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This wn>s rtiiidoml poswibh^ IxK'.uusti (Jr ()cx^n[)i(‘S Uui iniddht poKition 
in tli(‘ j»Tout), and jmsHos^as a mnnbar of so plot tor ms wliioh could bo 


(‘asily picked out as sbown Ixdow : 

Tdlth Hi—llyfllferfi .sY 7 ///^^//rr /;/ rironrifn// .s-pro/r/o// (Oieticle^i, 



Tains 

tlunli^', 



'I’.iniiH 




''«3 

iWxira)} 


’l‘„ 

’i:’3 

;iiir)r)Mi7 

7p 



!)(/•' t),y 



M).', 

M.), 

’J)3 

■'1)3 

'.D, 


I7(id:()‘n0 


122sr;tii 

122H4()B 

l228(i-27 

122H7-i)L 

122.Sirl2 


'^3 

8B00'22 


'D, 

(WDUlld 

'M), 

^1)3 

oadO'Ui 

''1)7. 

(i«d2-21. 

■'Di 

OHdiiTil 

.... • . 1 

llulik(5 otlu 

.(!■ iitoins 

()!' this jri 

I'oii)), ;W® 

4.V ’S iind 

. iu)(. i! 

l.s'^ {>-ivt'.s 


tluj nuhst; stable state, (^iitalan picked out with (‘use tin? stajiumee 

i)d^ ip if,s .up to a lurj»’<nuiinb(?r of incMubeivs, and could 

find out their valu(3>s witli pnadsioii by usin^ a liydborfij formula, 

.Kor the other elements only one or two .Uydbijrf^ s<;tjuenc( 3 S hav (5 
been traced and that also sometimes not (juite nnainbig’uously, 
'Plio t(5rm"Valu(3S obtained from such operations are therefore sub¬ 
ject to a ^‘ood deal of uncertainty. Tims llnssell obtained from two 
se(iueuccH 

K(3 IW' '^l)T(i;d40(}cm“‘ he’*' :W'‘4,s ''1)1 ^ 

Ah ihHis '1.) is the lowest state' of the I,P. of h'e may b(? 
said to be (WdOO (mr' . Ihit this may b(3 uue-ertain to the exbmt 
of ±1000 cm“’ , 

Aj/rniiXATivn wav ok oKsioNAa'iNo tkiim VAonus, 

On account of tliese clilliculties in llxin^' up ar.ciirately LIkj term- 
vuluos» an alternative method is used t(» iiuUcat(! the values of the 
terms. Tlic valu(3 of the lo\V(3st t(umi is tak(‘ii to be /icro, and tlm 
energy re(iuired to excite tlu‘ atom from tlie low(»st state to thostalie 
re|)resentod by the t<‘rm is taken to indicaite th <3 value of tlie term. 
Thus the value of Na fPj W(udd be uiuler tliis eouvention equal 
to the wave number of Di-line of Na, that of Nu Ik/ M)u would be v 
oH)rh '-'D. )of Na, etc. 

If v' be the omu’^y value deiined in such a way, the absolute 
v*-valuo of tlie term would bo j^iven by where /l^^absoluto 

value of the lowest term in enr* . 
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loxiSiVTroN Po'mxTiALS oFTiTK IOmmjonts and Ioks ()!<' 'rni-; 

TjiANsmoNATi Guot;i\s. 

It is clear from the foregoing <lisciissioii that in <lclining' lIhj ionisation 
potentials of atoms of complex structure, tiio normal stat(^s of the atom 
and the ion involved slmuld he oh'arl}^ stated, that is to say, wo should 
mentioji the state of the normal atom from which tlio electron is nsmoved, 
as well as the state of the ion at wliich it is left after th(^ r(;moval of tlui 
electron, This is necessary because both the neutral and the ionised atoms 
can normally possess more than one alternative electronio cojiligurations 
and each of those coniigurntioiis may give rise to a jnimh(n* of closely lying 
metastabh? energy levels. We iilustnite our remarks by the elements of 
the first transitional group which wejn very thorouglily disensHed by 
Russell.^' A glance at the chart 20 on p. 5811 shows that any of tiuf neutral 
atoms forming this group may liave two altoruativiJ stnujtures in its 
unexcited states, m., 4 .v 2 ^nd fk/""* 4i’, wliore n varies from I to 10 

for K to Ni, Similarly, the corresponding ionised elenHmts have the 
aUoniativ (3 structures We now define four dilleront 

ionisation potentials of any such element as follows: 

(A) X 4,v2-. X“*’ 4s‘. , . higher multiplicities 

(13) X Br/""- 4.s*2 — X'^ is . *. lower multiplicities 

(0) X 4<s* — X"^ , . higher nuiUiplicities 

(D) X 4"? - X*** ,.. lower multiplicities 

where X stands for the element. 

(A) corresponds to the removal of a 4 .‘?-electron from 4,^2 

eonversion of the atom to the ion X*** 4 ^-. But X fW "*"•! 4.s‘2 us w(!ll 

as X*^ Brf 4s possess a large number of levels. It is understood timt 
those with tlie lowest ema'gy-values (tlierefor<? iiosacssing t!u 3 hif/lffsl 
miilliplmly and highest /) are involved in both cases. Thus in ftc, w(? havi? 
coiTospondiiig to (A) 8 c Brf 4,v^ - 8 o+ 3 ^/ 4 .v ^1)^, Gf)7 volts. 

(B) corresponds to the removal of the d.s‘-electron from X J.v^ and 
conversion to X*^ Br /»“2 4 fy^ when both X and X*^ are energy states of lower 
mitUiplwilics arising out of the two configurations r(3sp(‘ctiv(dy; c,//., for S(!, 
we have coirespoiuliiig to (B) Sc Br/ 4.v2 sj) ,Sc+ ;k/ i[s 'B fi 8 H volts. 

( 0 ) and (D) ooiTcspond to similar processes betW(>en terms of higher 
and lower multiplicities respectively dor tlio ulternativo structure X ^ 4 ^• 
toX’*’3rf'*'h For Sc they cun be reiu’osented as ( 0 ) 4 .^? '’F—Sc’^ 

^F = ry74 volts, and (D) Sc U^'-Sc+Br/^ ^^-5-33 volts. 

The values of I.P. corresponding to the four processes (A), (B), (C), 
(D) for difieront neutral elements arc shown in Table 44, eolujiins 3, 4, r>, G, 


H. N. Russell, Asli\ Journ,^ 60, 249, 1927. 
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CoKimn 7 the principal ionmilion jwlcnlials of t\w ('IimikmUx, thul, is, 
the energy I'oquiml to remove ftn elcctfon from the lowoot rmerg'y sliil.e of 
lire neutral atom to the lowcvst energy state of tlie atom in (he lirst stage of 
ionisntion. For Ca, Sc, Ti, Mn aiul Fe this eori'ospoinls (e tlie jji’OIiohh of 
the. type (A) as the lowest energy-terms for tlioir normal and hmisoit 
atoms aviso from the condgiirntions 4s2 and fW""> 4.s'. Fur K and 

Cr it eorre.siion(ls to the type (C) ns in those oases tlto lowest enevA'.V-toviws 
come from (ho alternate .stnictiiros fW"'' 4.s- ami respoetivoly for 

their atoms and ions. In hotli tliese cases tlio process inyolvt's ti)o 
removal of an 4.?-electron. For V and Co 'howovor tlie jinneijMil 1. 1*. 
oorvespoiuls to the process X iid'i-s 4.12 ~ X+ 3d«-i, wliieli ii)V‘>lves i,ho 
irmiovalof an 4.s-oleotron and simnltaneons shift of anotlier elimlvon fmui 


d.vfoSd. But a glance at tlio table .shows tluil except in a fow easoH 
(indicatedin thick figuves) the values of principal LP.’.s in eolnitiii 7 do 
not exactly agree witli tlie values in columns d or 5 eorresiioiidin^g- to (A) 
or (C) even in the cases they are expceteil to ngreo. In such (‘iifo-.s, llio 
valno.s in column 7 should, however, be regarded as more aecnrato llnu) 
the others, a.« these Imve been caleulated from a long Ilydborg mmiwimi of 
lines, while those in the otlier columns were generally derived from tlio 
wavelengths of only first two members of the series {vide S 18^, |i. idiJl). 

Bi the same way we get three sots of I, P.’s also for (ho ionised 
elements (shown in the columns 8, 9, 10 of tlio table), 'I'liey <,nn Im 
explained similarly. Here tlie proees.ses involved are:_ 


({ !) X'*' 2 is - X’*"'' 3d»“ 

(D) X* 4 .S' - X+''' 


^ .H igher 111 u 11 i pi i e i i.i( '.s 

.Lower multi)di<!i(,ies 


(E) X+fid-i _x++3f/»'2 


The principal l.P.’s for Ca^ Sc+, Ti^ Mn+ ami JM- invoJvn Urn 
mmova ofan s-eketroa those for V+ (>+, and Ni^-of a ./-ulmOron. 
1 In. values are given in tlie last colnnm. 


345. The Horizontal Comparison Method.-Iii () 270. w„ 

„f 


I -I 1 ,. , ' ompincai pniunnlo mav nc 

M.w,obed winch has also been successful in locating sucii spectra. V 

Vc “t I""!,;'??”' ^^^^orhontal Oompanson- 

.tart with Table 45 to explain the way i„ wliieh the H.me/ra 
»> ‘■orlam .so-eleetmnie elements can he located 


r/if/s., 2, fi7, 1928. 8 


SlM» iiIho 



§345 ] HORIZONTAL COMPARISON METHOD 745 


Table, 45.—Showing the regularity in {,3.^-<^3‘p)~transitions. 


X “ 1 

0 

1 

2 

3 

4 

6 
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(1) 

... 







(3) 

'‘S.-D’:, 

tl 





*P,-*D3 


(3) 

... 

"P... 


... 


*p, - n\ 


I 

n 

1 

1 ^ 

0 

F 

No 

Na 

(1) 

(21 

(3) 

l(i(K)01 

9352 
10348 
109!)3 1 
Fowler' 

11475 

12175 

1843:4 

Ingrain* 

1 12860 
Fowler'« | 

13360 

14582 

15747 

Dingle* 

13798 
, 15615 

16399 
Baha^ 

16973 

Fowler't 

u 


N + 

0+ 

F+ ’ 

Ne+ 

Na+ 1 

Mg'!” 

ID 

(2) 

(3) 

ib’i'jB 

Fowlor'o 

17G02 
1981G 
211)90 
Fo^vlol’>f? 

21446 

2301)2 

26821 

PoAvlcr'e 

25067 

,Tog‘ 

20767 

29977 

33004 

Kichlu* 

27630 ! 
32323 
34411 
Mnzum- 
diir' 

35761 

Fowlci'V 

nil 


0++ 

xr++ 

No++ 

Na+ + 

Mg4* + 


(1) 

(2) 

(3) 

24iii)n 

2G580 
20025 
112808 
I«’o\vlor' ff 

318Q7 

34410 

40558 

D ingle 

38545 

.Tog* 

39600 

44822 

50304 

10 

30510 

48413 

61970 

1 0 

53918 

Paschen* 

IV 


+ + 


Na+++ 

Mg + + + 

AI+++ 

Si+++ 

(1) 

(2) 

(3) 

10 

[aobboj 

[46500) 

[r)2b{)0] 

51921 

59416 

67096 

10 

53168 

64216 

C93D7 

10 

71740 


til l;lio row niai’kod I wo have the cloinenta B, C,.... Na whose 


noniml cleoi.rou structure up to No is , where x varies from 1 to 6, ami 
for Na it is 'ip^ 3s. In the excited stiitoa one of tho p electrons in olemonts 
up to No will pass on succeasivoly to higher orbits while in tho case of 
Kodiuin tiio 3s-eloctrou will be excited. In tiiis way the number of p- 
olecirons in tho excited states of tiie elements of row I will vary from 0 to 
(]. '.I'lm freiiucmcies of tlio lines arising from the transitions between 


• Fowler, Proo, Roy, Soc. A, 118, 42,1928. *" Fmoler’,i BepoH, p. 168. 
Ji’oickr'e }te.pm't, p. 99. Fowler, Proo. Rm. Soc. A, 106, 306, 1924. 
I'J Fowler and Freeman, ibul. 114, 665, 1927. Fowler, ihkl 110,484, 1926. 
U Fotoler'e Report, p, 120. Fowler, Proo. Roy. Soc, A, 117, 326,1928, 

2 Ingram, P/w/.s.Jfc?;., 34,421,1929; Kiess, Jbwr. Opt. Soc. Ain., 11,4,1926. 
2 Dingle, Priw. Roy. Soo. A, 113, 326, 1927. so ibkl. m, 144, 1929. 

1 Salm, Phil. May.', 4, 326, 1927. & Jog, Ind, Jour. Phys., 2, 344, 1928. 
0 Kieldu, Proo. Phys. Soc., 39,424, 1927, ’ Mazumdar, Ind. .Jour. Phys., 
2,363, 1928. s Bowen, Phys. R&o„ 29, 234, 1927. ® Paschen, Ann .a. 

Phys.,'ll, 161, 1923. 1“ Soderqvist, Nova Acta Soc. Sc. Upsala, IV, 96, 1934. 
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lu'g-hest multiplicity loyols when tho oloctronic trniisifcioii corrcjHpomls to 
(^6s<-Sp) arc shown undor each olomeiit, Tho mirnbor of such transi¬ 
tions arc denoted by (1), (2), and (3) which arosliown at tho top of tho table 
and freqiioticics of eorresponding linos nro ijidicatcd sijiiibuiy. It thesei 
Ircquoiicios bo plotted as ordinates ag’ainst for B to 0 foi* 

Na)f and a ciirvo bo drawn throu/:i'li tlio strongest of tlioso liiioSj we obtain 
approxiniatelj^ a straig^hb lino, nboiib w)iic)i tho otlior iiiulbiplots are arranged 
aa shown in Fig. 14. It is elonv from tlio diagram that tho fvoquoncioB of 
the linos increase regularly for the cloniQJits or tho ions of tho same 
iw avS the atomic number increases. 

The row marked 11 shows Jijics duo to singly charged ions C^' to Mg,**' 
having tho same olcetronic structure as clomonts above them in row I, and 
for bliem tho corresponding frequoiicios are plotted in the Hunio manner. 
They nlso lie approxiimiloly on a straight line fciuis showing a linear relation 
between tho frequency of tlie liJie and fclio niiinbor of electrons in tlu^ 

It may also be imted that thcrolaUve positions of tho linos belonging to any 
ion arc the same in tho two curves. Tlum comparing the positions of tho 
multipiots of Ne and Na***, it wdJl bo found that is just on tim 

Itno, while ^Pi“*^Pa is above and —is below it. Tho linos of 
row III behavo in a similar manner, 

It is expected that the unidentified lines of No**'**'**' and Nn**"*"** 
duo to tho transition (Ss<Sp) nnd of higher ionised groups of iso- 

electronic elements would behave similarly, Tlie rule can, tliorafore, bo 
SUCCCS.Sfully used for tho location of the spectra of ionised olcmonts in 
various singes of their ionisation in the following way. Take tlio two 
end-ions of row IV which give simplo doublet lines 32633 and 71740 cun 
ns observed by Si^dorqvisb and Fowler. Wc can join these liao.sand procae<l 
to locate the lines of tho intervening ions. TJio lines duo to Mg*****"** and 
are found to lio on the same .straight lino; but tlio linos due to 
Na'*'"*’*** cnji be located at 30000, 45000, ajid 52000 
respectively. This can be easily verified when lists of sucli lines ar(j 
availablo, 

It has been shown that this rule may be utilised to locate linos duo to 
transition i (3p^Bd) ns well as of the higher groups A1 to K and other 
transitiojis. 


346, Metastable Levels and Forbidden Lines, —So far wo 

have used the term jnetastaWe level in a vague way witliout giving 
any serious consideration to the meaning attached to it. In the 
present section we describe motastable levels under two heads: 
(i) If an atom or ion in some excited state gives rise to certain 
levels such that transition from these to the levels of the ground 
state is baiTecl by some selection principle, then the excited 
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levels may be said to bo mctastahle. Such a case lias already bc<ui 
mentioned in Ne 2^?® 3.s' ^P 2 > o which cannot revert to the nornuil 
state ^So. l^lenty of other examples may be picked up in th<* 
transitional group of elcmerits, (ii) When we take the fiiiidiim(jutal 
electron configuration of an atom, wc have seen that it gives riH(’ 
generally to a number of levels. The atom in the unexcited condi¬ 
tion is mostly in the lowest of these levels, but if it be excited to 
any of the higher levels arising from the same fiindameutal electron 
configuration, it cannot revert back to the lowest level as A/r-dl 
the electron configuration being the same. Hence the higher 1 cv( 0 m 
are said to be metastable. Thus in Oxygen, the fiindam<uit!il 
electd'on cbnflgiu’ation gives rise to ^p 2 »i> 0 } ^^ 2 , ^So» Hero 
is the normal level. ®Pi,o> ^^ 2 , ^So are the metastablo levels. 

The diiTerence in energy between the stable and metastabhj 
levels of type (ii)iii most cases is generally small, but sometimes as in 
0 (^Pg ^D 2 )» it may be considerable. The-question arises, if in siu?h 
: cases we may not sometimes get a weak line corresponding to such 
; forbidden i7Wisiiions. 

The first observation of this kind in tlio laboratory was jnad(' 
by N. K, Sur’*' who, while measuring the arc spootriini ol: Pb 
^ observed two lines, which ho interpreted as follows : 

X 7330*3-6^'^ 'Pi-^Da; X 4618*21-6^?' 

They occur faintly in the arc, but more strongly when heavy 
currents arc passed. Similar lines were observed by Sur in the arc. 

: spectrum of 13i. But in lighter elements possessing similar structure! 
such transitions Avere not observed in any laboratory. 

A neAV chapter in this dii’ection was opened by Bowenf Avho 
proved conclusively that a number of lines which ai’e found in tlu! 
spectra of planetaiy nebulae and Wolf-Rayct stars (Avliich are ancient 
nebulae), and whose origin Avas a matter of mystery for a long tiiiu! 
could definitely be assigned to the forbidden transitions of tli(! 
second type just mentioned. The most famous of these lines am 
X 5006'84 and X 49fi8’91 Aviuch invariably occur in the spectra of 
nebulae as shoAvn in IHg. 15, Plate XI. 

These lines could not be identified with the lines of any known 
element on earth and it was thought that they belonged to a hypo¬ 
thetical element called Nebulium. But no place can be found 


* N. K. Sur, Phil Mag., 61, 633, 1926. 
f Bowen, Fhys. Rev,, 29, 231, 1937; Astr, Joum,, 67, 1, 1928. 
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cm“ 

401472 




for an eleinonl; NebtUmm in tlio Periodic Table. To any body who had 
experience of handling astro physical data, 
it was apparent that the Ni and N 3 linos 
were organically connected and must be 
due to some light element in a highly 
ionised state. Now Powcji found that the 
frequency difference botweeii those two 
lines was Av —I9B (=*201(;}0 —.U)i)h7)cm'’ * 
and he rcinemberod that 1BI3 was also tlui 
difference between tlxe fundamental tc^rins 
2 .s’^ (”Pi ^ of as found by 
himself and Millikan in tlui vacmuin sp<Hj- 
trograph. It was also diseovenal by tliem 3 ^ ^ 
that the fundamental lines oC O****^* diu^ to Or 


'424385 


xt ^ 


_^ 

Lj 



193 


U6 


444352 

444546 

4446GI 


10. of uobnlur IlnoH 

Xr)U(w*a.i find XiOM'oi. 


the transition -2pih) wore all in the 
Schumann region. Honco he argued tliat 
the linos in question can only be due to 
the 0 ‘*'*^-mGtastablG transition 2.s‘^227^ as 

shown in Pig. !(>. 

Onco a clue was obtained, it was merely a matter of time before 
the origin of many otlier linos obtained in Ncbnlao wore traced to tlioir 
source. A list of such forbiddou lines is given in Tabic IG. 

Very few of these linos have bc(m observed in the laboratory. 
The fact that these lines arc obtained only in Nebulae led Bowen 
to the conclusion that it is i)robably the extrGn\oly low density of 
matter in nebulae which provides an extraordinary condition favour¬ 
able for the occurreucc of motastablo transitions. Under ordinary 
laboratory conditions the time between two successivo coIUbious can 
only bo 10"'^ sec., under oxtroimj (jases. Hence the atom would 
pass to the lowest state by collisions of tli<i second kind before it can 
CJiiit radiation. But in nebulae the density is so low that the time 
between two colliBions is 10 '^ to 10 '^ secs., so that once the atom is 
in the motastablo state, there is nothing left to it except to revert 
to the Jiormal level as it has no opportunity of colliding with other 
atoms. While this explanation of the origin of nebular lines may bo 
true, many attempts over since made to observe these nebular lines 
in the laboratory arc still without success. 

Lines due to transitions in metastabic levels of the second 
typo described above wore observed for the Pe*^ ion by Merrill* in 


* Morrill, Aalr, Joiirn,^ 67, B91, 1928, 
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Table 46.—Lisl of Foi'bidderi in Astro^diysmd 


Element j 

j 

Line 

Transition 

Oecurrenco 

01 

d 62 l -5 

2«*>2?;* »So 

Nova. 

Nil 

' 67 B<f 8 

2 s^ 2 »' |D 2 ~‘isl2pl 'So 

Nova, N(3bulua. 


6547-0 1 


Nova, Nebulae 


6583-3 1 

25 ^ 2 /?^ ^P2 —2s^2;;^ *82 

Nebulae, Nova, 

01 

6300-3 

25 ^ 2 ;/ 'Do 

Night Sky, Nova, Nebulae. 


6363-7 

^Pi — 25 ^ 2 ;/ ^1)2 

Night Sky, Nova, Nobulao. 


' 5577-3 1 

2s^2/ 'D2-2 s^2;;'’ 'S# 

Aurora, Nova. 

on 

7321 1 

2s^2p^ *D{. ~2s^2p^ ®P» 

Nebulae, 


7324 

2s®2j;“ *'Dj> ~2s^2p^ “P^ 

Nebulae. 


' 7332 

28^2]? ^D/. ~2sHp^ *Pj,, 

Nebulae. 


1 7334 

2sHp^ '’D, ~ 2 s'' 2 ,;'' % 

Nebulae. 


3726-1 1 

2s^2p^ -IS., -28%^ "D. 

Nebulae, Nova. 

i 

3727-8 1 

2s'^2p^ "Sj. - 2 .s-^ 2;;3 

Nebulae, Nova. 

oin 

4363-1 

2sl2pl 'Dj -2$%"^ ‘S, 

Nova, Nobnhu?. 


49689 1 

2 , 9 ^ 2 p* ®Pi -2s^2p’^ 'D^ 

Nova, Nebulae. 


6007-1 , 

2 s'' 2 i/ »p2 ■~2s^'Y 'Da . 

Nova, Nebulae. 

NuIII 1 

3342 

2s'2p;' 'Da-2s«2j?^ ‘Sc 

Nova, Nebulae. 

1 

3868 

2s''2p-’ »Pa-2,s''2y 'Dj 

Nova, Nebulae. 


3967 

2*"%/ 2pi - 2 s* 2 / 'Da 

Nova, Nobulae, 

81 

6366 

3 s^ 3 ,/ ^P, - 35 * 3 /)^ 'So 

Nova, 

S.II 

6717 

3 s^ 3 ;;^ ^S« - 3 s'' 3 ?;'> *Dc, 

Nova. 


6731 

3 s* 3 ?)“ 'Si - 3 s® 3,)3 2d;, • 

Nebulae. 


4068 

3 s® 3 jj 2 'si - 3 . 923;>3 2 p' 

Nova, Nebulao. 


4076 

'Si - 3 s* 3 /j® 

Nova, Nebulao. 


the spectrum of rj^Curiiiae, Ho observed linos duo to transi¬ 
tions 


is^ 

ScP 45 ^* ^Qt 

Later on Merrill discovered a iiiiinber of such forbidden lines 
in 0 tiler stellar specku.t 


* A fi’oocl nccoiiiil; of this subject will be found in M'gebnissG der 
exahicn Natiinoiss^ 7,8,1928, article bj'Becker and Grofciian; see also Proc, 
NaL Acad. Sci, 1934 

t Meirill, ML Wil Obs. ConL^ Nos., 364, 381, 444» 
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Thk Guken AuKOHAh Link, 

In tlio polar regions of fcho nartli when iiliero isu continuous niglit 
for several days or oven months depending npoii the latitude during 
tli() whiter, the sky is sometimes I'ound illumiimted by luminous 
electric discharges i)l; various forms and colour S to which the name 
Aurora is given. In tlic Northern [ [enns])here it is designated as 
Aurora Ihrealh and in tln^ Southern it is (uiIIcmI Aurora. yhiHirmliH, 
'Pho auroral displays ar(‘ genorully axammpanied by magnethi storms. 
]'t has been observed tluit during an auroral dis(dmrg(^, wireless signals 
ar(i greatly disturbed. Aurora is supposed to be due to tin* bombard¬ 
ment of the np])m' regions of tin* atmosphere by high-speed oloetruns 
(^je(ded by i\io sun and dellecbsl bmuirds the inagiiotie poles of the 
earth by tln^ eartlPs Held. They are always found to oe(mr above 
certain luughts. The siiectra of tlnsso auroral displays wore (irst 
studied by Angstrom in 18(51) and evcjr since they have be<m objects 
of searching studies in tln^ IiuiuIh (^f Vogard/’' McLennan and many 
others. 

TUo. spectra of auroral disiiljiys ar<) mostly found to (mnsist of 
bands duo to Na but the most promimnit feature of ttio spectrum is an 
intense green line. The green auroral line could not be traced to any 
element on the earth and it was supiHised to be diu^ to some hypothe¬ 
tical elenunit called Geocoronium present in the liigher regions of 
tlie atm()Hi)here. Ijong before its khmtilleation, its wavelength was 
mensuival by Unbeocki’ l)y imuins of a Ifabry P(‘rot rntorforometer 
and found to b(^ X nbVT'Jir) i 0*005 A, U. liefore this determination, 
its wav(d(mgtli was uiicertaiu by :I:2()A. U, 

'Phe auroral green line X.Bf)?? was (irst obtained by MoLenuaiit in 
th(^ laboratory from <;on(hms(Hl discharge in ox.yg(ni which was mi.N:e(l 
with an iiKU't gas, ])refcrably argon. Later it was obtained in pure 
oxygon. Then Al’cl^(mmin showed from the Zeiunun (dPect of the lim^ 
that it was due to the forbidden transition between the 

mctastablo levels of neutral oxygon, 

Eki> Ji'oiumxDiCN Links ok Oxyoen* 

Paschen, Hopliidd, and Frcrichsll found in the lalxmitory lines 
which they identify with the forbiddem liiu^s of oxygen as follows; 

X 6800-^2j?^ Mig and X Hlg, 

Vcgarcl /: 7Vi//,v., 78, 57d, Vm. Pusclien, Zs, j\ iVo/.v., 66,1, I9S0. 

•|* Ihiheock, yl.s'/r. 67, 209, 1928, 

t McLonniin, Ptm. Ro}j. Soo, A, 114, 1,1927. 

II Frori(^hH, /%.S'. Rm>„ 30, 89, 1980, 
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Lc A. Sommer* thinks that these two Hues occur also in tlie 
spectrum of night, sky as well as in the aurora, but they arc inixxul 
up with contiguous lines of the band spectra of O 3 and N 2 . 
Identification is open to certain amount of \mcertainty* 'Plui 
red auroral lines, but not the green, have boon detected by Bowen 
in the spectra of certain nebulae {^Phys, Rev,, 36, (>00, 1930.) 


347* Hyperfine Structure of Spectral Lines.—We 

shall now close this chapter after giving a short accovuit 
of the hyperfine structiiro of S])ecti‘al Hiu^s, a 
subject which was discovered by A, M.ichelsou in 
the year 1881, while he was looking for a houv(‘,o 
of strictly monochromatic light which can scrv(‘- 
as a fundamental standard for wavelength iu<^a- 
surements. He found, that many lines wliich wore 
previously regarded as monochromatic when instru« 
meats of moderate resolving power wcr(^ used , wer(^ 
foxmd to consist of numerous close components 
when they were examined by his intorforouK^tcu', 
In fact, of the many lines which lie examined only 
one was found free from such fine structure, 'Plus 
was the red line of Cd ?i.6438 which was adopted as 
the primary standard in all uieasiircmeiits of the 
unit of length. 

As a typical 
example of the 
hyperfine stoiotiirc 
of spectral linos, 
we may take the 
strong line M722 
of the Bismuth arc 
spectrum, photpgra- 

Klg. 18. UUropholOKrmn Zecnmil, 

filiowlng tbc hfs- of n -i i 

Bi Xim. Back and Goudsmit.T The photograpli is sliowu 
in plnte XII, Tig. 17, and its microphotograni is 
shown above {Mg. 18). The lino is fouhcl to consist of six 
closely lying components whose wavelengths and intonsitiiis are 
given in Table 47. 



Tabled? 


% in A. IT. 


4782'6fi2 

•Gia 

■574 

•889 

•382 


Int. 


5T) 

n 

115 

2 

5 

10 


V in enr* 


21 lOR'OdO 
G8'792 
08 089 
G9^C20 
GO^filG 
70'074 


* Sommer, Zs. f, Phys., 80, 873, 1933; 77, 374,1932. 
f Zeeman, Back and Goudsmit, Zs, f. Phys, 66, 1, 13, 31, 1030 ; 70, 1, 
1931. In this subject we have followed the excellent treatment given by 
Pauling' and Goudsmit in their book The Slnichire of Line Sj}eclra. 
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§347 ] EXPERIMEmAL METHODS 

PUYWtOAL NATIT.uk AND I^^P(mTANOK OF 'ITTK PnKNOI^rKNA. 

' The separutions nro extremely small, about 10"to 10“^ times 
the nuiltiplct separations cliacussccl in this chapter. Thus for Bi 
the miiltiplet sepavatious are of the order of Av 15000 . 

But the///“Separations vary from 10"^ to For a loop; 

time the origin of these vseparatious Avas shrouded in mystery, 
as the theories of multiplet formation oirered no iTOHsilnlity of their 
explanation, thoufvh sup:gcstious Avero made from time to time that 
the ///s«complexity might partly bo of isotopic origin, that is to say, 
as most elements arc mixtures of isotoiXTS having diderent massos, 
the spectral lines avouUI possess slightly diircTrent fre(iUGncioH oAving 
to the mass-ofTect as given on p. 334. But though isotopes account to 
some extent for the ///s*-comploxity, their origin must bo due to some 
oth(;r important factor, as there arc elements like Bi avMcIi possess 
no isotopes, but still shoAV clear///s-eomp!oxity. At this stage Pauli 
came foinvard Avith the helpful suggestion that the nucleus, Avhich is 
regarded du tlicorios of multiplot structure as a sphorioal point 
of cloetrioity, may possess, lilco the electron, a definite angular 
momentum, and a dednite muguotic inomout; and the ///v-splitting is 
probably duo to the interaction of the unclear magnet with the oxtra- 
nuclcar electrons. This suggestion proved extremely helpful and 
opened a ucav licld for exploring the structure of the uucloua Avith 
the aid of spectroscopic data as the folloAving short account Avill showi 

lOxnKRT^rKN'l'AD Mki’Uodh. . 

For precision Avorks on the ///“Structure of spectral lines the 
folloAving points must be attimdiid to : (r/) T\m spectroscopic appara¬ 
tus used must hav(T extremely higli-resolving ptiAver, so tliat frcquoiicy 
differences of the order of lO^^em"^ can b(^ dealt Avitli, (/;) T'he 
source of light should be such that the lines are extremely sliarp. 
(/;) Ill tlio choice of tlui source of liglit, all processes like solf-rovorsal, 
Holcotivo excitation which can falsify the distribution of intensity 
in the ///’-structure of the spectral lines should bo avoided, 

The spectroscopic apparatus used in practice are mostly inter- 
f orcnco spectroscopes of the Fabry-Porot or Liimmor-Gchrcko pattern, 
Jfor these apparatus, see an article by G. Hausen, in the II <1 Phyaiky 
OpHicy IL For the use of the Lummor-Gelircko plate, the reader may 
consult the following papers: Gehreko and Laii, MalUpUt hiicrval 
in Spedroscoinjy Phys. Zdis.y 31, 073, 1030; I^aii, J?.s\ /. 

P. 90 ■ 
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63,313,1031. The echelon grating has alHO boon iiHod l<u' tldn jnii poHo 

wii success. See E. W. Williams, ylppliralmns 

The resolving power used in these ai)paratns i.s about .1,0 . 

The source of light now generally used in the.se inv((.stigationH is 
the Schiiler lamp, for a description of which the student may c.onmdt 
Schuler, Zs. f. Phys. 59, 140, 1030 ; Ritsehl, ilml. 79, 1, 1,032. 

348. Hyperfine Structure of Bismuth Lines.- I*'»ir getl ing n 
complete idea of the exporiinontal and theoretical work on thin huIj- 
ject it is advisable that the reader has a fair knowledge of the (dnssi- 
fication of the arc lines of Bismuth, beoaiwo numt of the cnrlier 
precision works of Back, Goud.smit and Zeeman which are now I lad¬ 
ing to the elucidation of the subject wore done on Bi-lines. BisJiiuUi 
was chosen because being a heavy element, its spectral liium ai’e 
extremely line; secondly, according to Aston, it has no isotopes 


Table 48, — Classi/waiion of ilitt ftpaalral /'/y/e.s* of Hi, 



'Sj 

1)1} 

*■'5 

“•‘4 

••■r, 

Tt'tiii 

tnliH' 

Ci>^ *» 

A 

82587*0 

8007*70 (10 II) 

21170*7 2110*9! 2IJ07*H 
4722*12 4722*61 4722*80 
(10) (10) (10) 


(10927) 

■'I'O 

'4-’»9‘76 



..r ..... . ^ 



Gj>= Orf 

48012*2 

2270*67 (10 ID 

82400*0 

8070*00 (2 U) 

9ft47<l*2 

8610*08 (0 n) 

22262*0 «2250‘M 

449*i'(H(l) jl»'JM>7 (0 

(lonrn 

lirlMl 




. .. .. ,. . 



0p“ M 

("Po) ^5 s 

1 

.11810*4 

2200'04 (IOIIjO 

88897*6 

2008*08 (0 K) 

89879'2 1* 
8402*80 (8) 


H5VH-7 1 (1) 

107411 

741 

(SPi)=>Sl 

44804*0 1 

2228*28 (10 U) 

08445*8 

2980*05 (7 n) 

20l2ft*H 

88H7‘2ll (6 It) 

2 iiyo.va 2 iii’o:ni 

I!l(m;i7 (I) 480.8*611 (4) 

ii'anrj 
Hfi|4V< l (2) 

10fH»?< 







Gjj® la 

TPi) 

48815*7 

2177'22 (4 H) 

04400*0 

2807*99 (0 K) 


242rdn 24254*2 
4121*6*4(6) 41*41*81 (5) 

12761*1 
7HHl’a.t (J) 

12047 

0i)>» 8s 

1 

47071*8 

2110*81 (lOll)i 

06058*9 1 

8780*62 (8 U) 


25710*8 25711*1 
IbSHVlM (2) 8ftHH*2’4 (*4) 

ll'JOVi 

7000 ITi 

lIllHf 

Op” 7« 

PP,) »Sj <P} 

48488*1 

200 r70 (10 H) 

OTOIOTi 

2090*70 (0 II) 

88052 0 

8024*07 (7 10 


(I5!i*.4ll| 


C|)“ 7s 

ir 

<’Ps) “Sj »Pg 

48469'8 

202f2l (0 K) 1 

88041*0 

2027*02 (ft U) 

8m28'l 
.2ii;w’n2 (0 It) 

27791*9 
or)Oo-j2 (0 It) 

nWDVM 
oiorHii (y) 

9ioy 





Op’ M 

"Di; ? 

51017*8 

J069'4a (8 Jl): 

i 

89509*6 

2524-Oft (0 H) 

11568 l‘.l 

2809*01 (0 It) 

*49854*7 ? 

«105'00 (7 ft) 

17851*1 
0509*11 <a| 

7611 

CiJ^ Orf 

(^Pi) t 

. 1 

5110B‘2 1 

1958*89 (8 H), 

8078fl*7 

25J6'0a (9 11) 

867 f 0*8 

2708*74 (Oft) 

... 

(1790:0 

7406 


* Linos Invoafcigafced for A/’-strucluvo aro undorlinod. 
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except ail extremely rare radioactive one whicli does not count; 
thirdly, the linos were almost comiiletoly cIussKukI by Tliorseu^ and 
Toshniwaht from whose analysis, the y-values of the terms arc 
accurately known. This classilication is ^iveii in Table 48, as a 
rofereuco to this is necessary for the study of the works of Goudsmit 
and Back mentioned before* 

According to this classification, the line \ 4722 should be single, 
being dim to the transition — ()7)^7.s' (It should bo 

mentioned here that the coupling is of Bic ,?y-typo)* But as men¬ 
tioned above, it consists of six components ('^hablo 47)* Moreover 
these six components 
can be arranged in the 
form of a multi]ilet 
us shown in T^iblo 49* 

Almost every bis¬ 
muth lino is found on 
investigation to consist 
of components which can bo arranged, as in the case of X 4722, 
into /i/isMn 111 tiplots, and the splitting was found to bo charac¬ 
teristic of tlie levels* '^riiis is sliown from an examination of the 
A/’-stvucture of 1, 2898 which, as a glance at Tahh 48 shows, is 

du<i to the transition 

>''>(). (jyi 21),, _( i ,,2 7 ,, sp, . 

Tt bus thoveforo tlio 
fluiiio fiiiiil lovol ns 

X m2, vix., ()?V‘ ‘‘‘Dj.. 
Tlio I'oinpoiusntH of X 
2898 arc shown in the 


21.1.ca'64 2U08'792 2116S-989 

21l69'C2l 2iL09'819 2:ll70'074 



3 4 

n (> 


'Un -a. 

Hi '2m 


MdOOodO 90'002 

00-906 

'710 



5 

Oo'OSl 

90'177 90-430 


(33) 


form of/^/-multiplot in Table 50, from which wc liiul that the level 
®I)h, has approximately tlie same siGitting as in X 4722. Tlieso 
intervals arc easily hocii to follow tlie Lande interval rule, for 
wo have 

= '038 ; ™ '039 ; 

<l 0 

So the sopamtioiis are npproxiinntoly as 4; 5 : 6. 'l?ho figvires at the 
top roAV of '!rablo 60 clonote hyperfinc-stniciure quankm mmbm 
/■(sec §343). 

* V. f iiorson, Zn, f, Fliys., 40, 042, .1920, 

•|- G. E. Toslniiwttl, PliU. Mat/,, 4, 774,1927, 


'266 

—TT- *=“ 042. 
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Every sijocfci’oscopic level of bismuth is thus foiiiul to Ix! Mplit 
up into a number of sublevels, aiul some of tluwe splittiiiMis lire slmwii 
in Table 51. In cases wliere total seiniriitioii has b<‘<'ii {.riven, llie 
/i/’-splittiug was too small for the resolviiifj,' power used, and therelore 
merely total separation has been surmised. 


Tahlo ni 



II 


.' (1(1.5 
• 01(1,1 

■o.sii; 

•.vr.'i 


'Kid 
•01 
■til 
•Kb! 
•Ill 
• I :!7 


/■== /j/’-quantum number, (j ■=* Liuule factor; for II see e(|H. (IIH) p. ?nM. 


Explanation oj>’.’1'hh Rhhuivi's, 


It is rather remarkable that tliouft’h ii jrood deal id' painstakiinj; 
experimental work on this lino Avas done by Niinaoloi,* I laiiHen, Wall 
Mohammed and others, not much progress in thesiihjee.t wa.s made till 
a theoretical explanation was fordicominp:. Rnark'l' and Hnminerfidd 
suggested in 1925 that the introdiuiUou of a (iftli i|UauKim miiuber /*, 
Avhich they called the hyperfme. .slrndnrr yiutnlittii iiiitulivr, is ueecs.' 
sary for explaining the re.sults. This explains the Lnnde interval 
rule observed in ///’-structure. Thus we shall see presmiHy Hud the 
four levels into which llwinuth (i//« “Dj arc siilit up are (diaraeteriHed 
by the /’-quantum numbers Ii, i, 5 and (i. 

Greater precision ivas given to the idea by Pauli.:j: lie sitg- 
»«c1gus might be regarded as possessing flu, 


* H. Nagaokn, and T. Misluina, Proe, hm, Amd 2 9.1!) iDoa 
t Eumlc, P/m/. 60, 937, 1925. ^ •> <!> du), i9..0. 

1 Pauli, Nahinviss., 12,' 7dl, 192'i. 
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mechaiiioal moment ihi^K, where i maybe called the nuclear qiumtum 
nui)il)C)\ The Bumc factor which gives rise to the mechanical 
moment also endows the nucleus with definite magnetic moment 
which, by its interaction with the valency-electrons, splits up each 
ot)tical level into a number of hyperfino sublevels, possessing small 
diflereiices of energy. 

On account of the large mass of the luicleiis, the magnetic 
moment is liowever extremely small compared to that of the electron. 
Ill order to obtain an idea of its magnitude, we may consider the 
Himplest nucleus, vix.^ the proton. If wc suppose that this 
also is spinning lik(‘, tins electron and its mechanical and niagiietic 
moments arc entirely due to spin, the ratio between the two is 
expected to be given, as in the case of the electron, by the relation 

\ijJ% = elMc . . . . . (34) 

If wo suppose that — WSjt, — ehliitMc. 

[\!]\m tlio protonic magnetic moment is 1846 time.s smaller than 
that of the electron. 

'I'liiH Hiu'iniso hiu) howovor not boon verified. The iiucleftv moment 
of (Im itrolon from bund spectra has been found to be indeed half, but 
the magnetic moment bus not been found to bo ecpinl to \ip . Stern ami 
I'laHtermanu’" found fromdollectionsof Hj-inolcculosin anon-homogeneous 
magnetic Hold, that tlio magnetic moment of the proton is J p.,,. This 
slmws that magnetism of tho proton is more complex than hitherto 
imagined. 

As tho nncloHS is supposed to consist of a number of protons 
imil other particles wliicli may be supposed to bo describing spin 
as well as orbital motions, the resultant mechanical moment may 
be (!X|)eotod to otpial tho vector sum of those for tho individual 
liartioles (of ^u’otons as well ns of other particles). But the magnetic 
moments of tho individiinl components will compound in a more 
complex way owing to coupling relations as in the case of the 
resultant magnetic moinente of the incomplete cloctron-shells. 
Following tlic analogy of extranuclear electrons, wc may introduce a 
Laiidc factor // (*). Then the magnetic moment is given by p^, g (*) A 

It is clear from the above preliminary account that a study of the 
hyperfino structure of spectral lines enables ns to find the nuclear 
moment and thus throws light on the problem of its compositioa. 

* Stern and Eastormann, Zs, f. Phjjs., 86, 4,7,1933. 
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Hence in recent years a good deal of activity liiis boon nmnifoHtod in 
this direction. We shall now explain, taking bisniiith liinsH for 
illusti’ation, how the nuclear quantum number i cun be obtaimid 
from the /j/-structure of lines. In the two following HoctionH, we 
follow the treatment given by Goudsmit* 

349. The Interaction of the Magnetic Nucleus with the 
Extranuclear Electrons.—the mechanical inoimmt vector of 
the nucleus be denoted by i and the total mechanical moment vector 
of the extranuclear electrons by j as usual, then i and j may bo 
supposed to combine to form a new quantum number f, iho hypcv- 
fine stnicture quantum number which has got all tho vnlu(i.s giv(!n 
by f=‘ Therefoi’e an optical level with a fixed value of / is 

split up into the /^values: 

(a) i-Pj, ... i~j .., altogether 2y'-|-l... when i>j 

{b) i+j, ... j~i ... „ 2*+! ... „ j > i. 

The //./^separation can be woi'ked out by considering the interac¬ 
tion between the nuclear magnet having tho moment (.i/^ and the Ihsld 
at the nucleus due to the extranuclear electrons. Let this field bo ///^ . 
It may be mentioned here that the completed shells do not contri¬ 
bute anything towards the production of .14 Avhich is duo entirely 
to the electrons in the incomplete shell; c.r/., for the (>?/'' “.Dj) level 
of Bi the field is produced by the throe electrons in the (ip-sluill. 
Tho energy of interaction may be written in tho same way as in the 
case of multiplet separations. We have 

AW= |x 14 cos dj) .(Iin) 

where cos (*)') = / - i , (ijq) 

The .separation hetweon two levels having the quantum 
number /’and f can now be easily calculated : 

Wf~ TF^'=-^f/'(/’+l)-/'V'+l)] = f {/’-/0(/HV'd-^ (87) 

where If /■'=/■-!, wo have 

AWf-^Bf .(3fj) 

i.e., A W is proportional to the larger /’-number. 

In the case of the 6p® -level of Bi, we have seen that tho 
successive separations are as 4:6; 6. Ihom Table 49 wo find 


* Qoudsmit, bo. eit. 
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wo should put /'=>3, 4, 5, 61 'cspeotively for the sublevels into 
which the level is split up. This is explained if for the 

Bi-muilouH is assumed to have the value 1 }, for wc have then 

/- U-hi I = 1 2 + 11 1 - 3, 4, 5, 6 . 

(iondsinifc and Baelicr"^ showed fi‘oin investigations o£ a large 
mil liber oi: IM-Iiivos that tlio value S for the nuclear quantum number 
coiuiilotoly explains tlio observed splitting for all levels of Bi. This 
(uui be vorKied by referring back to Table 51. In Tables 49 and 50, 
the /-valiiosH of the upper states are obtained from the selection rule 
for /‘(sen infra). 

NiUr^ o?i Nefjnlire and Positive Values of Intervals,’—in analogy with 
oiiticnl terms, wo have to fix up a convention regarding hyporfino structure 
tiu'ins. lfT^<T/’-! <T/*- 2 ..,wo say the terms aro dircci; otherwise 
tla^y may be (jailed mverted; thus wo find that in Bi for 2p^ , 

' 1 ' 3 <T-i<Tg <To .., honco the terms are inverted and T 3 —T 4 is negative 
as shown in Tublo 61, In 2p^ . T 2 >T 3 • tho intervals are positive, 

Ilckeiio7t Pwieiple and Inlmsiiy Latv in the hf-innlliplets ,—It has been 
found tluit tho (]uantum number / obeys the same seloction principle as the 
inner (luanUim number,/, A/’^O, 4:1 allowed; Aforbidden. 

Tlie intensity rulos for the A/if-components are exactly similar to 
those of ordinary multiplots and will bo treated later. 

3SO, Zeeman Effect of Lines possessing ^^-Structure,—The 

value of nuclear quantum number determined in the above way 
Clin furfchnr bo supported from otlicr directions, One of the methods 
which is applicable for Bi depends upon investigations of the 
Xoemun olTect of its s]mctral lines. We shall describe tho investi¬ 
gation for tho lino X 4722 which is typical of the whole set of 
bisinutli lines for very strong fields. For weak and intermediate 
fields, SCO Pauling and Goudsmit, Sirnctnre of Line Sveclray p, 219. 

In bismuth, tho coupling tends to the i;-typo. Hence the Zeeman 
cdcct cannot bo calculated using tho Landd formula, Thus the line 
X 4722 in p;Lven by the combination 62 ^*^ Ts Here 

and havo boon written to describe tho terms for want of a 

boticr designation, but really they hayc not the usual meaning except 
that they give the inner qiiautiiin number correctly, For if j were 
normal, itvS / 7 -valnc would be iJ, and for g would be But Back 
foniul that g for Q])^ M)} is l’ 22 r), for , g 2’088, 80 the 

* Goudsmit and Bachor, Zs, f Phys,^ 00, 13, 1930. 



Zeeman pattern for I 4722 is as given in the following sehoino 
(Table 52). 

Table 52,—Zeeman components for Hi 7.s’ 'M^i 


% 4722 supposing Irf-siruehtre lo he absent. 


Term 

m 

i i ~i -3 

Av/rt 


r2227 

1-836 -612 --612 -1-838 

:i* *(152 . .»Jt-donip. 




■703\ . . 

'Pi 

2 

2'088 

1-044 -1-044 

1-002 }• 


The line I 4722 would thus decompose into () compoiimitH. But 
as the original line itself consists of ///^-components, the Z(Kaniin 
resolution becomes somcwliat different wlien high lields urc^ !ippIi(Hl. 
We give below a theory of this effect which is due to (loiidsniit, 

When an external field II\b applied, such that it is sufficiently 
strong to break the coupling botweeny and wo can calculate the ex tra 
energy in the way as in the onsc of Pasclieii-Baclc eff ect. Wo have 

^H +’>‘,11 (•■) sf + "*■ “»«)■ ■ (»“) 

Tlie first term is the ordiiiftry Zoouuiti ollbct term il: tlio hf- 
structiire were absent, y (j) is the ordinary Laiide facstor diu! to 
extranuolear electrons, vij is tlio component oil the inner ((imiitnm 
number The second term represents the action of the field on the 
nuclear magnet. Its magnetic moment is (c/z/'ln MO i f/(vl) and uu 
the projection of V on the external field. IHj cos (y) is the term 
due to interaction of V and y’, which has been already diHenHH<!d 
and which gives us the A/’-sti’iictiirc of the line. In the dediuition 
of the expression, wo suppose that the coupling between i and j 
IS broken. Since f no longer exists, avc have 

cos .. ( 40 ) 

as in the case of Paschen-Back effect ( § 22 d). 

Now the first term is nearly 2000 times hu’gor than the uccoiul, 
which can therefore bo neglected. The first and. third terms are of 
equal magnitude if B bo chosen to bo sufficiently large, and the 
expression can therefore bo written ns: 

AIKn=v« g{j) B-]rBm,m, .(il.) 
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'I’lio Zoonmii coinijonouta im; tlK'rcifoi’C) {vivtiii by 

Av = m- r/(/) 1-!-(// m^- . (42) 

Tlio fir.st torm gives ns tlio Zeoiimn eoiiiixmoiitH wlueli ave expected 
ii: tli() ///-struct,lire w(!rc absciiit. a Hold ot 53700 gaiis.s tliero 

would be, as 'I'liblo 52 .sliows, ii pair of 3t-<!oni])oiiciits at Av 
±‘4B2 X 2T)2() “= d: I’OttO cm" S and a jiair o); a-coinpouents at 
Av = i ‘703 X 2T)2() == d: 2'000 car and luiotlior iiair of 
cr-coinponeuts at Av = ± .r(i52 X 2'r)20 ■= d; 4'170 ciu'*. 
Jbit on accmint of tlie sc'cond term in (42), each of these 


Tuhle /7.V, 
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levels wonld be split np into 1.0 components, coiTe.si)onding to the 
total number of ?//,values (‘••=2 i -1-1). We have !i= —'040!1, If ==*l()(i 
from Table 51. The values of ii'vij) for the Zeeman compo¬ 

nents are shown above in 'ruble 53, 
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Thus the scpaTution of the ///-subcomponents of the 
neiits arc given by 

±r090+10:w m/, W ^ hi .-If. 

The separations of the //-subcomponents of (T-conipononts a,r(i given by 

±2‘000 +1435 miy nu -= h h .- !l 

±4170 +‘0628 7?'/^, nu - h . ^ 1 ! 

The scheme of these //-splitting of the Zeeman compommlH 
shown in Fig. 19. 

(a) sliows the //-component without fiolch {!>) the i)OHitiun 
the 7E and a-eomponent without //-structure, (e) the jt-(M>inpniu iif 
with /^/^“Splitting, (£/) tlie 0-coinponcnts with //-splitting. niv 

drawn to scale for a field of 53700 gauss. 

The value of i can be inferred directly from the niimlxn* of miIi 
components which is 2 / + 1. 

351. Comparison with Experiments.—The Zeeman ell* rf 
of the Bi-linc ^4722 was very tliorouglily investigatocl by Ihudc nml 



’>'*comi>oiH3nl9, (&) cr.coiiipon«n(ii. 

* Bfick HJicl Wulff, Zs. f. Phys., 66, 31, 1930. 

•[• Goudsmit and Bacher, Zs '.f. Phys,, 47, 174, 1928. 
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sbo'wcd that the rosnlts were in completn accord witli their 
theory* 20, Plate XII, is a reiiroduction of the .plioto^rapli of 
tlic a-coinponents iu the 4th order (5 times iiui^nifKKl) taken by Back 
and Will ft The inner coinimnents sliow quite clearly the 10 
A/is*-.snl)(‘oniponents. '!I"he original pliotographs of. the jt and the 
outer o-Zcoinan (components also showed clearly the ton /y/v- 
snbeomponents. The inicro])hotograins arc shown in J?ig, 21 [a) and [(!). 
The plate was ()vei’ex])osed, hence tlio ///-structure is not to bo found 
in the mi(n'oi)hotogram, but ilie breadth due to the totality of 
tlio ///-componentH is clearly visiblcc. 'I'luc brtaidths wor(^ found to bo \ 

0‘882cnr‘ for the jt-coinpoiKcnt t theoretical 9XM03 = '027cnr^ , 

r2(h) ... inner 0 - „ „ OX’blSf)‘^1‘292, 

0T)20 ... onto a- „ „ ()X*0()28= T)()5, 

The crosses doiu)t(! the existence of linos not predicted by 
tlieory. They arc due to the violation of the selection principle 
4:1, 0,.just as in tlui ease of o])ticaI coinponouts. 

352. ///'-Structure of Elements Possessing more than 
one Isotope (Tl),—We have so far described two methods for 
finding out the nuclear luoinent '/ of bismuth: (1) from the ///- 
S(qairations, (2) from tlie ///-striKiturc of the Zeeman conipononis of 
tluj lines under strong field, A large number of Iiims of Bi, 

Bi’^''^ have been invijstigated in this way, and they liavo all yielded 
the same result for tlu^ nuclear (luantum numb(n', vix.y S. This is 
as it sliould b(s for V is (diaracteristic of the lumknis, and .sliould 
tlioreforo be iiubqxnulent of tlu^ states of ionisation of the atom, or 
its particular quantum state, Besides tlu^so two methods, there is a 
tliird one for determiiuiig i 'It consists in tlui study of the relative 
intensitic'H of the alternate band liiuis ()f the diutomic molecules of 
the substance, but this subject can bo taken only iindcjr Mokoidar 
Sjmdra. 

It has 1)0(50 found tl\at almost all the cl(5men(;8 in the periodic 
table, ex(jc])ting a few lik(5 lie a, Cm, Om ... show ///’“Structure 
of spectral lines. But in these cases, precision studies are com¬ 
plicated by the presence oP isotopes. 

A glaiKM) at the tabhi given on p. 102 shows that almost all 
elements consist of mixtnrcis in varying proi)ortion of a number 
of isotopes having id(5ntical chemical and physical properties. 

* Sec M(5ljunmin, McLay, Crawford, Proc. 7/o^y* A h79, 1031i 
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As the spectrum depends entirely upon fclic clGctvonic co!ni) 0 - 
sition which is the same for all isotopes, it is ex]:)ected that 
the spectrum of different isotopes will not be different, But it has 
been shown in §172 that on account of the difference in mass, the 
Rydberg imiuber of two isotopes arc slightly dUPerent, givii^g rise to 
a displacement of frequency, which according to the theory sliould be 


Av/v 


1 _ 

1846‘ ylyl'“ 



where yl, yl.^ are the mass mi mb or s of the two isotopes. 

This relation has given coiTect results in the case of the Demton, 
and He, but in the case of heavy elements the value calculated 
according to (43) is found to be extremely small. Thus taking 81 Tl, 
which consists of 307o of Tl 203, and 707o of 205, we should have 
Av/v -2/(203X205X183(5) - 5X10“' enr' , 

For the line X 5351 Op -7« ‘hSj. , we should have Av==.()'000r) 



riir, 2ii. LftTtil Hftliemc Bbowhii? Uic orl}?ln of Ihe 
of Tl \r)U&l, 


cm“‘. This Hcpariitioii 
is of a lower ovden- 
than the /^/Jf-separa- 
tioos, but the actual 
resultH, of iHotopic hc,- 
paration aa obtained in 
the cuvofiil inveatiga- 
tioiis of Schiilor and 
Koyatoii* Avere found 
to be nearly 100 tini<(s 
larger. 

A picture of tins hf~ 
structure of '111 ^0051 
i.s shown in ing. 22, 
Plato XII, and the 
origin of the ///«-coin])o- 
nents is scliematically 
shown opposite (J'’ig.20). 
Four coinpononts are 
obtained and desnoted 
by (I, Ilf (!, (I I t was 


* Schiller and Keyston, Zs. f. Fhijn., 70, 1,1001. A good account of 
the liypeifme-stniclino of Tl liy Knlbnann and Sclililcr will lie foiiiul in 
Mf/ebnim dcr exalclcn Naltmoismisehafkn, 11, 1032. 
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observed that the intensities of these comi)oacnts bear to each 
other tlie ratios 

all) cld - ; aje - hid - 3. 

As the proportion of the isotopes are 30 : 70 ^ 1: 2‘3, it was conclud¬ 
ed that a and c are due to Tl2oa> h and d> to Tl203' isotopic 

separation thus comes out to be Av = ’062 cm”^ which is nearly 
120 times larger than the value given by the formula (43). Thus 
it is a general phenomenon, that the isotopic separations for heavy 
eleiTionts arc found to be much larger than, the theoretical values, and 
sometimes tlicir sign is reversed. No explanation of this retnarkablc 
fact is yet forthcoming. Only the case for the isotopes of Li has 
been explained. For this sec Qmiatentheoric by Smokal and others, 
p. 388. 

The ^/-components are explained by assuming that for both 
isotopes of Tl, i ^ i, and the optical levels are split up us shown 
in Fig. 23. There should be three components with the theo¬ 
retical intensity ratios 5 ; 1 : 2, but the splitting of -term is 
very small, hence the first two appear as a single component 
with the intensity 5 + 1—6, 8o the ratio alb = § ^ x, as is actually 
observed. 

The case of Tl is however not quite representative, because here 
accidentally the unclear and magnetic moments are the same for 
the two isotopes. But in general the moments of the two isotopes 
may be wkhdy dilterent; in such cases, some ingenuity has to be 
applied before the inass-cirect and fe/is-cflcct cai\ be separated. 

353, Theoretical Calculations of Hyper fine Structure- 
Separations.—Wc have shown in a general way that the ///-constant 
//ic/vA where pjcis the magnetic inoinent of the nucleus, and Jiic 
is the field at the nucleus produced by the extra-nuclear electrons. 
Of these quantities, pic being characteristic of the nucleus, should be 
iiulepcudent of the state of ionisation of the atom, or the particular 
state of excitation of the extra-nueloar electrons; 7?ic, on the other 
hand, depends on these states, Hence if we can evaluate Bk properly, 
we should obtain a unique value of pic from the ///Structures of all 
lines of the neutral or ionised atom (only one isotope being con¬ 
sidered at one time). 

A glance at Table 51 shows the extreme difficulty of the 
task. The values of B for the different levels of Bi vary 
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GiiorinoiLsIy, being sometimes positive, and sonietiiucs ncgativo* A 
theory of interaction energy between extm-nncleur electrons, and 
the nucleus which can give unique values of '^vould be indeed 
a great triumph for the theoretical physicist, The solution of the 
problem does not aijpear to be in sight, but a brief account 
of the attempts chiefly duo to Groudsmit and his collaborators 
may bo given, 


iNTEUACJTKhx Energy retayken a SjnulVj ISfUtarjMioN anJ) 


THE Nucleus (regarded as a MAGNi'i'i:). 


Tlic interaction energy betAveen a single electron possessing the 
cluautum numbers I and s, and the nuclear magnet is calculated in a 
Avay Avhieh is partly analogous to the procedure folloAVcd in §220, Let 
Pk denote the magnetic momcnt^voctor of the nucleus, 'iriicn it can 
be easily slioAvn that the extra energy duo to the interaction between 
the /-motion of tl)o electroiR and the nuclear magnet is given by 


A TFi — ' "7 j’ Pk; . / ^ 

mn r’’ 


2jt 


(44) 


This can be calculated in the same way as in §220, for the 
expression (42) on ]>, 421 can be written as 



where ps magnetic moment-vector of the electron due to spin===s, 
ehl2nmc. Expression (44) is obtained by substituting Pk l^a (^b). 

To this, Ave liavo to add a second part A duo to the inter¬ 
action betAveen the spin-magnetism of the electron, and the nuclear 
magnet. 

This is obtained by proceeding from the classical expression 
for the nuitiial energy of tAVO magnetic dipoles having the moments 
p and (see Jeans, Eleclridty and Magnetism^ p, 1379)* We have 

- TLo = f cos (ppO - 3 cos (pr) cos (p'r) ] » , , (46) 


Here ris the radius vector from the nucleus to the origin, Noav 
putting p ==* Ps , p' = Pk , Ave have 


“ A ^ Uos a s) *- 3 cos (i r) cos {s r) ] , , , (47) 

because the direction of ps is denoted by the ^'-vector, that 
of Pk by the ^-vector. 
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So wc liiivo, adding (44) and (47), 

7 J/ = iL / jXjf ^ ^ \ (JOS (v7) 
me \ 2n / 


M' lc m 


cos ( i s ) 


H- 


3|J.ic l^s 


cos ('«’) cos (.sv) 


Wc put, as already discussed in §220, 

. /in eh . I .j 

Hence wc Imve 

A li'^ =" 2 tj ['// cos (7/) -is cos (is) liis cos (ir) cos («?*)]. . (48) 


where ij 
as in §220. 


m ( eh \ ^ 
M [iTtmeJ ';>« 


m , _ like ^ 

M 2i7 m- i^(H-l) 


. It civu now bo .shown that the factor 

[il cos {U)—is cos (is) -h 3 is cos (f/*) cos (.sr)] 
is proportional to cos {ij)i 

Since the conplinjj between i and I is not broken wo Imve, apply¬ 
ing the Landc rule for (inantuni-cosincs 

cos (il) t= cos (ij) cos (jl) 


cos ('&) ^ cos ('/;) cos (js). 


It is a little more diflicult to evaluate cos (w*). cos (,s‘?0« Let 
the direction-cosines of any of tlieso vectors be denoted by a, p, Y 
followed by the i)ro])or subscript Then wo have 
cos (ir) cos (sr) ^ (a^ H- p^ p,,. + yi y^ ) («» a,. + p^ p^. + y^ yr) 

=- o.i as al * + --1^ cc^ Pr Ps +. 

Now the vector ‘ r \ the unit vector to the electron, prccesscs in the 
plane of the i-inotion of the electron, and therefore round the /-axis, 
wliicli may be taken as tlie z-axis, Takin^^ average values, we liavo 


^=-0, a,P, -=0 

ITcnco wo have ' 

COB (ir) cos («?’) vr (a^ + Pi Pa ) 

cos (is)-^ iyi Ys 
« cos (is) - i COS (il). COB (si). 
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Wo bavc tlicreforc 

A Tr= %tij cos ij 14-cos (//) + cos cos { jl) cos (.s7)l 


=- [ 1/4 cos {ij) 


Groudsioit'*' lius shown that tlic cx|n’ossion with in tiic brjic‘.kct is 
equal to so wo have linnlly ihv. ///-H(‘])avatioii-l'nct<)r 

(for 0110 electron system ; cf* eqn, 37) 

^ i) n* (l+^J(j+i) •' M .^ ^ 

Wo may eomparo tho unit of ///!s‘-aopiirntioii with tlio unit of 
orcliujivy multiplet soi>aratioii for doublet spoetra. W(! I>av(! 

1 


Hence we bavc 


Av = 
I) 


n 


m-1) 


i/(il 

Av Z{H-i)j(j+l) i 8 !.i 8 ^" 


Thus the order of /^/’-splitting is Z. 1838 times smaller tluin tlnit- 
of innltiplct splitting for the doublet terms. T\m (juantity is 
generally too small for observation. 

But this expression does not give ns tho ///-splitting of the 8 -t< 5 rni, 
For a ghinco at equation (18) shows that our expression for A W cenHos 
to hold for the S-torin, as for this r and A TFbecomes iniinite, 
'We can otlierwise understand, on purely i)hysical grounds, that the 
///’-splitting would be largest for s-clectrons and jz-elcctrons of very 
heavy elements, as their orbits are penetrating and tlm electrons ap¬ 
proach very close to the iniclens, ITcncc energy values of .v-eloctronH 
would be subjected to the maxinmiu ///-splitting. ICxporiineuts hav(', 
also shown that the ///^splitting in tho case of alkali elements is tsn- 
tirely due to .s-ternis. Thus for sodium, an ehnnent which has been very 
thoroughly investigated,t it has boon found that for tho 3.v ^Si.-terin 
Av = '061 while for the P-terms the splitting is negligible. 

The investigation of the ///-splitting of .v-levels cannot be 
undertaken by the classical methods. This must be attempted witli 
tho aid of wavc-mechanical methods. This was first attempted by 
Casimii\:|: According to a report by G-oudsmit, Casimir is said to 
have proved that 


W ^ qis cos {is\ i - h 


^ Gouflsmit, P/W/. 9 . 37, 663, 1931; ibid, 43, 635, 1933, 

t Sclniler and Briick, Z,s\ /. Phys., 58, 735,1925; Grnnalih, Phyfi. 
Pen., 44, 935, 1933, ' 

t Casimir, see Pauling and Goudsmit's The Slriwlure of (he Urn 
Speclra, p, 208. 
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Liitor the problem wji8 attacked by Havgroaves/’^' and Fevnuf 
usinfj; Dirac^y form of relativity wave-mechanics. A disenssion of 
tliesc methods cannot bo attempted at this place, and tln^ results as 
ftiven by dilferout authors, arc also not concordant. Ji'or further 
information, the reader can refer to original Hourcjos, 

For most elements, wliich have been invcistigatcal for their hf- 
fttrnctiirc, the spectra are due to more tlian one (jlectron. Gondsmit 
lias shown in a gem era! discussion that appreciable values of ///- 
splitting ai'C obtained only when an ,v-ele<dTon iiarticipatcs in the 
prodnetion of the oiitical level. He has also iiutiated general methods 
for cahuihiting the energy due to the simultaneous interaction of two 
or more electrons with the nuclear magnet. 

Thi) result of all these inv(j.4tigations is rather disappointing, 
'riie values of calculated from diHeront arc mid spark lines of 
elements generally yield (luite different valnes, henoe it is probable 
that the mode of intciraction of oxtra-mieJear eleetroiis with the 
nucleus juay bo (piito different from that hitliorto assumed in such 
investigations. Ihmbsibly the nature of the individual compoiients of 
the nucleus lias to \h\ taken into consideration, Wo shall return to 
this subject in tluj (ihaptor on Nndrm* Phynics, 


Boohs Itiminnicwled 

b (), lvni)orl,o Ifandhiwh (hr A^lrophyHiky H/a, tO‘iO, arl,i<’,lo on 
^Theorie (hsr Mulliph^tl; s]>(^kinui/ 

2. Pauling and (jloudsinit, The Slrminrc of TAne 1930. 

3. JhMtkoi' and Qxvivhm^ (hr mikicM 7, 

1028. 

4:. GoudHiniti and Ihichor, Alinnic (mm/y Strdesy 10)12, 

5. ifalbnanu and Kcliiilor, Kryehuisae dev Cimlden NcUimohsei^ 
fidhafimt 11, 1.932, 




CHAPTER XV 

MAaNETISM AND ITS TIIEORTES^ 

3S4, Historical Introduction,—Up to tho yeur 1819, nobody 
seems to have siispeoted that there was any comiection b{)twe(m the 
phenomena of electricity, and those of magnetisin. Each group of 
phenomena was studied by itself. In this year, Oersted discovered 
tlmt a wire carrying an electric current produces a niagiietic field 
around it. This discovery marks a groat landmark in the history of 
science, because it showed for the first time that an intiimite connec¬ 
tion exists between these two great groups of naturo-phenonieinn 
The exact laws of production of magnetic field by a current were 
discovered by Ampbro and Weber, and arc now wolhknowu to every 
student of science. Ainpbrc showed, by a scries of carefully planned 
experiments, and by careful mathematical analysis of tho results, 
which according to Maxwell, are perfect in form, and unassailable 
in accuracy/^ that the magnetic field produced by u closed coil car¬ 
rying a current was the same as that of a magnetic shell ()ccn])ying 
the area covered by the coil and filled with small elenumtary magnets 
placed normally to the plane of tho coil, with similar i)()les pointing 
in the same direction (normally polarised shells), 'riie magnetic 
moment per unit area of tho equivalent shell was taken as ociuivalent 
to the ciiiTcnt, and in fact this definition forms the basis of the 
electromagnetic system of units. 

Explanation of Natuiiatj MAciNKaTSM. 

Ampliro suggested that natural magnetism which wo observe in 
iron and other ferromagnetic bodies, or magnetism which can bo 
produced in them by a magnetising field may bo explained by nHsiim- 
ing that the substance contains within itself small closed mrrenis of 
molcmlar diinensioyis. These currents were supposed in tlioso days 

Por a history of these experiments, see Maxwell, Meelrmly and 
Mafjmtism^ U, 138-194 
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to bo duo to the lootion oC small cleotriried parthdos which wore 
present in all material bodies, partieiilarly in p:oo(l coiiclnctorR oC 
electricity. Those clostul currents wer(^ siipponed to form elemontarj^ 
maf>iKjts iuui Weber supposed that in cv{U’y mai^netie substance 
those elementary mai^nots are usually orientated at random in the 
iinma};>'netised stat(i ns 
shown in Fig. 1. When 
a magnetising field is 
applied, each of these 
(jl omen tary magnets is 
snl)je<*'ted to a directive 
eoiii)lo wlu(*-h tends to 
H(?ttliem parallel to the 

field, Ihit tills tendency is op])osed' by iJie heat motion of the par¬ 
ticles, HO that thtj alignment is only ]mrtial, When tlio niagnetising 
field is Hiidiciently large, the chaotic tendency duo to lunit motion can 
be coni|)letoly ovtjrcomc, and wo get the pluniomonon of magnetic 
saturation, Honuj of the features of Weberns theory have been 
incorporat(^(l in the later tlieory of Langevin (sec ififra § Bfil). 

Djkoovjuiy i)V UNivKHUAiii:rY op MjvaN.r/no r.ii<,)ruiumj'iH. 


(b) 


(«> 


(lO 

riK- U rii'ni<‘ntai7 IMiiffiiclH, 

(/() WUlioul lUailf ca Wirak (c:) Kli'Oiift (Hnliiralioii). 


Up to 1850, magnetic ])ro])ortieH were siippoBcd to bo confined 
to a few subHtaiiees like iron, nickel and eobnlt. In 1845, 
l^'araday iiroved that this w^as by no ineanH' the case. By bus- 
pending rods of diilerent siibstaiKu^s bctwusm the polos of a 
strong electromagnet, ho found that most substsinces H(it themselves 
purullel to tlm magnetic fi(fid, if the field of the electromagnet be 
Hulliciently large ; a few elements like biHinutli set tlienisidves at riglit 
angles to the liekF'. Faraday hIiowocI that for the first class of 
substances the magnetic snscuiptibility X can bo proved to be greater 
than zero, Jfor the latt(U’ class (m., bismuth, etc,) the suseoiitibility 
is negative {vtVh infra p. 77()). 'I'n the first class, he gave tlio name 
^mrama(jrioMcH'' ami tlie second class Avas (Milled 
Bubstaiuios like possess a value of X whicli is niuch larger than 
that for the usual iiaramagnetic bodies, ami Iujiuk; ar(i put in a 
class by thcmselvc^s and (aille.d “ 4t is howevor 

found that above a cm^tain teiniieraturG (called the imipiiraktre of 
rec.alGmmvi^y the svisceptibitity of iron suddenly diininishea to the 


The ri^pulsion of bismuth by a magnet luul also beoji observed by 
Bruygmans in 1778, 
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valiiG for pamniagnetio boclioa. A furtlior clmructoristic proporty 
of the fftiToniagnctic* bodies is that they sliow tlie phenomenon 
of hysteresis. 

Extensive investigations of the ningiK^tic ])ro])ertioB of all 
elements and their compounds have noAv shoAvn that the phenoinoini 
of din, loara, and feiToniagiietisiu arc very fundumental. All material 
substances belong to one or the other of the three cl asses. Of 
these the ferromagnetic substances are rather f(iw in mimb(jr -and 
consist of the three elements Fc, Co» Ni; most of their alloys liaving 
a sufficient concentration of the metals ; some of their compounds, 
e.g,i the oxide and sulphide of iron ; thoHoussler alloys (composition j 
A1 10%, Mn 207o, Gu 707o approximately); as also some com¬ 
pounds of manganese and some ferrites of the typo Met), Mx^gO.), 
’where Me is a metal of the iron group. The Eeiissler alloys, first 
discovered by Heusslov iu 190B are renuirlcabie that out of three 
constituents, which arc all merely paramagnetic, a com])ound is 
formed possessing strong ferromagnetic properties, According to 
some authorities, they aro definite chemical coiniiomuls with forinulao 
of the type . . . 1A1 (Mn, Cti)g Ja;. 

Paramaguotio substances are much larger in number and 
consist of many metallic elements, some gases and most of tlic 
salts and oxides of elements belonging to the different transitional 
series, ie., from Sc (21) to Cu (29), from Y (BO) to Pd (4(5), and tlio 
rare-earths Co (58) to Yb (70), as also of elements Ixdonging to Pt 
and U-families, These elements themselves arc also ])nramaguetie. 

All other substances are diamagnetic, and wo shall see later 
that dia-magnetism is a universal phcuometion and underlies ])ara 
as well as ferromagnetism, 

355, A Review of more Recent Developments,—Since 
1900, the subject of magnetism has received serious attention 
from both theorists and experimentalists, In 1895, P. Curio under¬ 
took with the aid of his magnetic balance (seep, 775) an extensive 
series of experiments for finding out the susceptibility of a largo 
number of paramagnetic and diamagnetic bodies and their variation 
with temperature. These studies cnlminated in the discovery of 
two fundamental laws known after Curio; 

(1) The diamagnetic siiscefpUbiliiy is independent of T 

(2) The paramagnetic snscepUhiliiy in inversely proporiional 
to the absokite iempm'ature^ {XT^ C), 
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Tlicse laws woro explained by Langcvin on the basis of eloctri- 
cal tlioorica of matter which wore in vo^iic before 1012, and his 
cxphination, with certain niodLiications, still holds the gronud though 
it docs not explain all the results, '^riio studies of Curio and 
LangOAun wore extended to feiTOinagneticB by AVoiss wlio 
introdiKicd tiro idea of molecular magnetising fields, and showed 
that fi’oin th('. theoretical stand-point the ferromagnetics arc to 
be dilieventinted from the paramagnetics by the existence in the 
former of elementary regions whieli are spontmujonsly magnetised 
to a saturation value chara('leristie ol! tlm tein])eraturc even in the 
absence of the external magiudic field. At the temperature of rc- 
ealesc(mce this pro]>(jrty suddenly disai)])oars, lie further showed 
that his (experiments pointed to the exisUmee of atomicity in magne¬ 
tism (Tlui Wv/i.ss-)nn(inoiou). 

Tlu? subsequent ])rogre8S of magiudlHiu has been largely insi)ired 
by the (iimntnm mechanical theories of tlui stnuituni of the atom, 
and will bo disemssed in due course. We hIuvII finish this introduc¬ 
tion by relating briolly how the Amphre-Weber hypothesis that 
magnetism is duo to molecular cuiTcmts caused by the motion of 
small charged partieh^s received experimental (ionfirmation. 


Tiiio GYJioMAONryrro ICFiin^rr. 


It was Maxwell who first pointed out that the assumptions 
underlying tlui Amphre‘Web(n* th(M)ry can be subjected to an 
experimental t(^Bt. ^riu', small eh^ctrified parti(des revolving ]ior- 
petually in closc^d orbits to which tlui fm'ro or paramagnotie bodies 
are supposed to owe their magnetism may bo compared to small 
elemoiitary gyroscopc^s. When a magnetising field is ap])!ied to the 
body, these clemoiUary gyroscopes begin to execute a processional 
motion round tins diiiJction of the external field as axis. This will 
give rise to a mechanical moment which should bo capable of 
detection. 

It do(^H not appear tliat Maxwell had any idea of the magnitude 
of this mechaineal inomcsnt. The great dillhuilty in his days was the 
absence of any definite knowledge regarding the small eloetrified 
particles wliich, by their motion, caiisci magnetism. After the dis¬ 
covery of the elc-ctron, it was natural to identify it with theme parti¬ 
cles. Kinsteiii ])roved in :H)17 that if magnetism bo supposed to bo 
due to the motion of the electrons in closed orbits, the mechanical 
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moment si slioukl be {2mcje) X niiignotic inonicnt. Stneci e/nii; «==■ 
1’773X10'^ e.in.u,, we slionld Inive n — 113X10'^ M, wlicro M in 
tlie total magnetic moment of the sample. Thus tlic expected mecha¬ 
nical moment is so small, that unless very .sensitive amingonumts 
are used, the effect cannot be demonstrated. The dillieulties wore 
overcome by Einstein and de Haas in 1918 by the npplicratiou of a 
very ingenious method (deswibed tow.ards the end of this chapter), 
and the ratio was found to have the expected value. But later and 
more careful experiments by Beck shoAved that the ratio aviik not 
IISXIO"’, but nearly half this amount, in other word.s T)8X10~’, 
'fliis result shoAved that Einstein’s theory reciuired some iirofonnd 
modification.* 

At the present time, the magnetism of the cleimsntary magnets 
is no longer ascribed to the revolution of electrons in an orbit alone, 
but also to the rolalion of clcctrom about an axis fixed in 
themselves. The hypothesis of the ‘‘S]>iimiiig Electrons” has been 
already given in connection Avitli spectroscopy. It has been otiually 
fruitful in explaining the magnetic iihenomena, as we sliall 
presently see. 

356. Experimental Studies in Magnetism.—il’lio usual 
methods Avhich arc used in the laboratory for finding out the sus¬ 
ceptibility of ferromagnetic substances, such as the niaguotoinotrio 
and ballistic methods, arc also applicable to para and diamagnetic 
substances. Thus ToAvnsend (1896) employed the solenoid inothod 
for the investigation of tlie susceptibilities of a number of strongly 
parainagnctic solutions of iron salts. But in general, on account of 
the feebleness of the ellbct, the sensitivity of tlio.s(! ap])aratus must 
bo greatly enhanced before the results can be accepted as reliable. 
Though sometimes such procedure has boon adoptcid, it has not 
been very successful. 


EaUADAY^S MPAUfOl) 

This called for ncAv methods of experiment for dia suid i»nra- 
maguetic substances. One particular method Avhich has been 
extensively used is duo to Earaday, and Avas first used by him in 


11ns experiment Avas first suggested by 0. W. Richnrd.soii, 1904, hut 
the hi'st snccesslul experiment ilemonstmting tlie relation helwuon meelia- 
nicai motion and magnetisation Avns performed by S. J. Barnett in 1914 
[vide, infra), ’ 



§356 ] !*]XrNRIMENTAh STUDIES IN MAGNETISM 


775 


Ills (ilasHio.iil r<^soiu*chos on magnetism. It was based upon the 
iiHUism’euHMit oE the force experienced by a specimen of the sub- 
wlicii Huspeuded in a nonhomogencons magnetic field A 
niatli<»matic!il expression for this force can thus be worked out, 
Ii(!t tlui Hubstaucc ]iosscss the permeability p and let the medium 
in which it is Hnspemlcd possess the permeability po- The com- 
parativ<i oimrgy of this system (tlic work done in bringing the 
suhstancu intt» tlui inediiini) is 


~ /«’ "«■ 


( 1 ) 


wlnsrt! tint f'xtoiuls over tho whole volume occupied by 

lli(t mibMbitu'.c!. iSiiMje the iioroc acting on the aubstftuce is 
/'’ ■ - • ■ gnid A’, wo have 




wluu’o I'cipreHOuts tho applied inagnotio field and dv nn elemoiit of 
volume of tlui HiibHlaneo. From the relations S «= pif =//+djt7 
and I ' > kJl, whoro k « the magnetic susceptibility per unit 
volume, wo get 


7’, {k 


3Jii/ > 




( 2 ) 


in (III) dirootioii of x-axis, iiHSiimiiig tlui magnetic field is along the 
y-uxU und has a gradient along the x-axis. Thus when a substance 
Ih (ihuiod in an inhomogeneous magnetic Held having a gradient 

along the x-axis, it will experience a force along this axis and a 

imiiiHUi'emioiit of this force gives us the relative volume suscepti¬ 
bility of the Hubstiuico. 

lining this nietliod, tho first determinations of magnetic sus- 
ceptihilitioH for nir, water, H„, Oa ... were made by Faraday. He 
gave /o-viilucH relative to air. After Faraday, the earliest absolute 
determiiuititm of k was probably duo to Rowland and Jacques. 
'J'hey gave for Hi, k^^ - I'JTiSXlO-The negative sign denotes dia 

uikI the positivo sign paramagnetism. 

(JuIUK’h MaONKTIO BaIjANOE 

l'’nrathvy’H apparatus has now only historical interest, but 
the motiiod wa.s subseiiuontly used by Curie,* in his classica 

Vp. ciurie, de GJd,a,cl 7%.., J. >895. For agtioal account 
of oxporinuiiilul niothods see also bevo, dnd. 27, 189, ‘12o, 191^. 
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researches, so that it sometimes 



goes by liis name ; avo proceed 
to a description ofi his well- 
known magnetic baliiiu?e. 

Curie examined the mag¬ 
netic susceptibility of a largo 
luiniber of substances over 
a wide range of temperature 
(20*’ to 1370“) and for tlie lirst 
time definitely ascertained tim 
fundamental distinction b(‘- 
tAVGcn, dia, para and ferromag- 
notisin* For the production of 
the inhomogeneous niagiK^tiCi 
field ho used an electromagiuit 
with inclined pole-piecu^s as 
shown ill Fig, 2. 

The actual balance in 


Fig. 8. Curie’s iiingni!is. AVOrk IS sllOWU ill Ifig, 3, 


The specimen whether solid, liquid or gas was enclosed in a U4ube 
of a complicated form. This avus altiiehed to fclio torsion rod It whi(di 



Mg* «. Curie's wagiictlo Ixilaucc. 

included a platform Q for placing small weights to maintain equiiihrium, a 

/ Before Ciiri^ Wiedmnnnn and Plessner had found a limited 
variation of 1/X with T. PUlckcr had found that X roiSd coi Zn 
foi S and Ilg. But these works were insufficient for any generalisation. 
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jiliitti P wliich worked ns a damper, mul a pointer p moving' on n small 
seale s. On applying the magnetic field, the displacement of the S])ecimon 
litho was cnkailated directly from the movements of the pointer on the 
Hcah*. A special lieating oven was used to heat the tube, and the tem- 
peratnre was measured by a thermopile. 

'rhe main difiioulty in this method was the accurnte determinatioi) 
of 7/ami dJTfdx at tiio point in tho non-homogeneous magnetic field occn- 
])ied by the moving system. 

Prom Pig, 2, it is clear that along tho axis of x, == 0, and Ilj, is finite. 
ITi/ was determined by a search coil of very small dimensions, by tho nso of 
tlie well-known ballistic metliod. SI/j, / 8® was not determined, but its 
(’(piivalent P77o jdy along tho axis of y, for wo havo 87/y ldx = dnx /0?/. 

Tim seared) (!oil was niovcd along OY and tl)o value of II found, from 
wliieli the value of dlf^ /8// <'.an l)o calculated. Tin > TlIIviZx 

ai'o tl)eu plotted in curves against the distance along tho x-axis. The form 
of tlieao (iuvves is shown iu Pig. 8. 

Tim Hiimplo is generally placed at tho point 0, where Tly dlTy /dx 
is maxlimun. This minimises tho error duo to tho setting of tho tube. 


Aceoi'dtng to Curio’s observations, for all dia-niagnetics investi¬ 


gated, the Hpecillo susceptibility 
X was foil ml to boiiulopciuleiit of 
teiaporiitiiro. Only Bi was found 
to Ixdiavo in a dilforoiit way. 

1 is (liainagiietic susceptibility 
d(!((V<ais(td liiKsavly with temper¬ 
ature up to its melting point 
(2711“0), when tlie value fell ab¬ 
ruptly,but r()muia(!d constiuit for 
the liiiuid state over >i consider- 
iiblo I'aiigo of temiierivturc. 'Phis 
is six»wn ill Big- 4. Amongst tlic 
paramagncticH, Oj was subjoctod 
to a 'wide range of investigation, 
and the result obtained can bo 
expressed )iy the relation 


0 200 100 000 SOD rco^O 



i. Tempcf'Ature vflVlflHon of X 
(J/ojk7«) 


10" X,, - 


11 3,ino 
T 


where 7’ represents tlio absolute teniperatiirc. He found that in 
geumil the relation A/7’hold good for all pavaiiiagnetic ele¬ 

ments. Only tho constant A was difFcreiit for different eleiueids. 
'Pho law was voriiiod also for imramagnotic salt-solutions of Pe 
F. 98 
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Fe"*"*"*', Ni"*"*", Co'*"*' and for palladium salte. Fins y;enoriilisnfcioii 
is usiiall)' known as Curie’s ki.)i>. It marks out tho fiindamuntiil 
property by 'which the iiavamagnotics are to bo difTcrontin'tod from 
the diamngnetics. 

The specific susceptibility of soft-iron (ferromagnetic’.) 'wuh 
found to vary with the magnetic field as well as with tho tciinjutrnture, 



KIg. 6, Vnrlnllon «r inug-ixSIiiiiUan of non iron wllli iciii iiomliire. 

Within the range of 10* to COO‘’C magnetisation does not show iniKili 

variation with toinporaturo (Ifig. 5), 
but above this tcsiuporatnre it diiiii- 
nisiios rapidly, and falKs ulinost to 
zero at 790° iindor all coimtiuit (teklH. 
Tho magnetic .siiscei>tibility was in¬ 
vestigated at still higher teinina’- 
aturcs. To a first ai)proximatinii it 
varied inversely ns tho absolnto 
temperature U])to IdTfi'O (Fig. (•). 
Tho various irregularities in X-viilitcs.s 
seen in the curve nro bclievefl to 
mark the conversion of tho snniplo 
of soft iron to various allotropic 
modifications. These results show 
that for the ferromagnetics X drops abruptly at a critical tompornLurc! 
(Curie point), aboyo which they behave practically ns parainnKneticH, 
For soft iron tho critical teniperature is 7})0‘O, and those for Hi und 

Co are 360 C and 1115°G'respectively, 



h’lg, ii. Temperatiirc-yailotlon of tlio 
jiiei|iiitj(io HiiucepMbllHy of soft rroii. 
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OtMEU MoiHFIGATIOXS of TllK irAllADAY MkTHOD. 

Jj'amdny^H ovit^'inal incUiod way inodifiocl into different forms 
by various subHcqueiit workern. Tims Tlicudorldds* * * § aiid Foisxf 
iiivestigated the magnutie susceptibility of a uiimbcr of salts by a 
mothodj ill which the principle of Faraday^s method was used, but 
the deflection was measured by a null method in which the pointer 
was replaced by the moving coil of an eloctrodynamometcr, and the 
force tending to move it was balanced by the force between this coil 
and a fixed one carrying a variable electric current The extensive 
roscarciies of Honda, and Owon,:|: Honda and Isliiwarali were carried 
out by means of a Curie balance in which many substantial modifica¬ 
tions were ellccted. 

Recently Prof, 8, S. Bhatnagaii^ has modified the Curie Balance 
(Fig, 7) in such away that observations can bo taken very rapiclly. 



Two identical glass tubes c, / are taken, and filled with identical 
amounts of the substance nndor investigation* The tubes are 
carried in holes on tlio opposite ends of a pair of horizontal 
aluminium strips c, d T^hrough the centres of these passes an 


* Th6oclond6s, Jowm. (/a Ih 1922,, 

t Foex, Afin, dc iVwy.s., 16, 174.', 1921, „ . „ 

i See for example K, Homln, Ann* d. Phps,^ 32, 1027, 1910 j Sci* Aep,, 
1, 1, 1912; M. OwGii, Ann. d. Phyn., 37, 007,1912. 

II T. lahUvin'n, Sci. Hep,, 3, 309, 1914; Hondn iinct Isimviira, &ci. Bp., 
4, 215, 1915. For dotnils seo Honda’s book Marjmlie Properlm of 
Mailer, 1928, . . ,, , 

§ Bhatnagar and Mathuv, JJoclorale Dissen'talion of K, N. Malmr, 
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nlnininiuiu beam a b rigidly fixed to tlio stripH and carrying a 
small mirror m and a damping vane n. The entire thing is 
suspended from the upper end of the beam along its axis by means 
of a torsion iibrc) so that the lower halves of the two tubcjs lie 
between the poles of an electromagnet E E (slnmn separately in 
Fig. 8). The pole-pieces of the latter are specially constrnoted so that 



Fig. 8, TJh 3 polc-pJcccs in inintiinfriur'^J niAfifnct wlilcli prodnen erinal mid oppoKllu flnld 
grftdleutf’ (it-i/ nntl Ti the polntH occnidt-d by tin: HputdineriH. 


the ficld-gradiciita over the spaces occupied by a and /’arc parallel, but 
oppositely directed Tliis special aiTaJift’Oineiit would give rise to 
equal and opposite forces oa the two tubes thus forming a 
couple. When the magnet was excited, it produced ii biillistic 
couple which was measured from fclic momentary dellectiou of the 
spot of light. With this apparatus, Bhatuagar and hi.s pupils 
have inoasiircd the susceptibilities of a large number of salts 
in solution. 

3S6a. Gouy^s Homogeneous Field Method.—Another in¬ 
teresting method is due to Gouy.* Iii this the substance in tlic form 
of a uniform cylinder of cross-soctiou S is so suspended vertically 
in a lioiiiogoiiGous magnetic field between two pole pieces of an 
eleotroniagnet that one cad of it is inside the field and the other 
outside. The force experioneed by the second end is negligible, 
and that by the fir.st end i,s scon easily to bo 

I 

Sdx=-hik~ko)TPS . . . (3) 

0 

The cylinder A is suspended vertically (Fig. fl) along its axis 
fi’oin one arm of a balance, and as the force acts along the vertical 

Tor details of these and other experimental methods soo Stonoi', 
and Alomio Slniolnre^ 1926, Chap. VI, III; Honda, he, ciL 
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axis, it tian he eounterpoisod dm^etly by ad(lin}r to the 

otlier pan. The majjjnctic (iekl beiii^ fairly unifunn, II can be 



iJicasnrcd by means of a search coil. The method is si)ccially 
snitiible for absolute determination of 8iiscci)tibiUties of solids. 

Aiuon^i: tlio earlier ^vorkors You Ettinirluuiseii used the Gouy 
inethod. Wills also used (18()(i) tlio same method for oxpcvijnonts 
on lU with magnetic fields varying from 1,(500, to 10,000 gauss. His 
results showed that within this range Ic m independent of iiold 
strength, a result which we obtain in femmiagnctic bodies only when 
the lUiigiiotising field is so largo that saturation is reached. 

This inethod has been modified for dctcrmhiutions of the value 
of X for liquids and gasos by (iuinoke and otiiers. 

M:<)]):ifj(;a.mi()Kh of tjik Qouy jiiotiod; SonI^^h AprAiuvrus. 

Tho direct aiiplieation of Gouy cylinder motliod for tlio dotev- 
inillation of magnetic susceptibility of r/r^sv’.s* becomes dillicnlt on 
account of small density of tlu) gases, except in cases whore 
tliey have high specific siiKcopiibilitics O?). To avoid this 
diillculty Sonc'^ improved this inethod sidistmitially and was able to 
attain sufficuent scnsitivencHs so that accurate determinations 
of susceptibility for gases bccamo iiossible. The gas under 
investigation is enclosed in a cylindrical glass tube T (Fig. 10) 
which is divided into two halves by a glass partition P. 
The lower half of the tube is evacuated and fclio upper half 


SonO, ScL Rep., 8, U5, 1910; 11, ifiO, 1922> 
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filled with tho eomprcssccl TMk tube takes the plae(; of 

the cyliiulor iu (xouy^s method. Now the nin^’iietic liefid 

is iippliod. If tlie tube were CMn|)ty, 
there would be no rcsulLiint thrust, 
since the thrust’on ttio upper part 
is equal and opposite to that on the 
lower part. AVhen the upper ])art is 
filled with compressed ^j^as, the resultant 
thrust measures only the forc(i on the 
gas. The method in. than a dilfovcnlial 
one. The thrust is balanced, a.s iu Gouy 
method, by placing weights on the 
other pan of the balances. The 
pointer of the balance is replaced by 
an elaborate system of bifiliar sus- 
pension. This enables very .small 
forces to bo measured. A few of 
Sondes results are given below in 
Table L 

QuiNOKl^^S CaPILUAUY AsdHN.SiON 
MeTIKXD .1«X).U JAqilWH 
Tho Gouy method was modi¬ 
fied by Quincke for measuring 
the suscoptibilitics of liquids and 
gases. The substp^nce Avas enclosed in a U-tubc (Fig. II) one limb 

lahh L—Magnclie smceptibilihi of ganes at 2(f 0 
and 760 mm {Sond). 

—^ - - r“ 

Gas X XlOO 

, «» 

Air ... 23-85 

Oxygon, 0 2 w. ,. 104’1 

Carbonciioxkle, GO? ... —0'42B 

Nitrogen, N? (chemical)... — 0’265 ’ 

„ (atmospheric) — 0'360 

Hydrogen, H 2 —1*982 

Nitric oxide, NO 48*80 

Nitrous oxide, N 2 O —0*429. 

N itrogen peroxide, N0 2 ... 4*64 

Nitrogen fcetroxide, N 2 O 4 0*276 

Nitrogen ferioxide, N 2 O 3 —0*206 

Nitrogen pentoxide, N 2 O 5 —0*332 


/^X10« 


0*03084 

0*0488 

-0-000836 

-0000331. 

-0-000452 

-0-0001781 
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oE which is wider tliiui the other. A uiiiforni iniiKuo.tic field is 
iipidicd across the lueniseus in 
tlio narrow limb, the other limb 
boinfv fairly distant. The men¬ 
iscus rises under the force, 
through a height h given by 
hgp-^ii {k-ko) TP, where p=. 
density of the liquid and k, ka 
the susceptibilities of the liquid 
and of the gas above it. If 
X represents the mass-suscepti¬ 
bility, wo have X=/i-/p, Xo'=‘/fo/Po •'’'B- »• 



ITonee 


X----Xo I 


(4) 


Tlio method is convenient inasmuch as the blank experiment is 
dispensed with, and tlic jn’csence of impurities of higher suscep¬ 
tibilities does not affect the result. Ij'or accurate measurement it 
is preferable to bring back the meniscus to its original position 
by apidying pressure, in which case . the. necessity of making the 
field uniform may bo done away with. 


Batjku and PrcoAiin’s Mimioi) 

357, Modifications of Quincke’s Method,—A modified 
form of Quinc-kis’s method has becni (miployed by Bauer and 
Piccard* in their investigation on the magnetic susceptibility of 
o.\ygen and nitric oxide; The gas under investigation was 
enclosed under liigh pressure in the capillary limb of the 
IJ-tubc, the other limb being lilltid with water. yVs on applying 
the magnetic Ihfid the li(|uid-gas meniscus was displaced, it was 
brought back to its original position by raising a reservoir attached 
to tlio ()thor limb, by means of micrometer screws. ’.I’he amount of 
elevation could be accurately read, and making preliminary blank 
experiments on water, the magnetic susceptibility of the gas could be 
calculated. The temperature of the gas was determined by a silvor- 
constanttm-couplo. 

The accuracy of the above method was however nnllified by the 
effect of gas contained in water in the dissolved state, and Bauer 


* Bauer and Piccard, Jmirn da Phys., 1, 97, 1920, 
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and Piccard thoi'ofore devised a second incthod. 'I'lio iiiipnndns for 
the latci’ method is shown in Fig'. 12. 

Ojpr 



The gas under investigation (O 3 or NO) was eonlained in the 
tube LS which was kept open to the atmosphere by mcdins of the 
stopcock Tj. The side tubes Ti and Tj served ns tlie inlet and outlet 
for the gas. The otlim* part LI) of the apparatus was filled with 
C 02 -gns which is only very feebly (liamagnotic. The side tubes 'I'-j 
and T« were respectively inlet and outlet for CO. 3 . "l,'h<! i)art L was 
a labyrinth which was specially designed to lu'cvent iiiturdiflusion 
of the two gases. The pressure of tho experimental gas at L was 
transmitted to the water manometer A through the OGj-gas. 'riie 
field was applied at L the place of separation of tho two gases, and 
the resulting change in pressure, was recorded by tho displaeunnont 
of C the gas-water meniscus ns before. This eliminates tho error 
duo to solution of tho experimental gas in water. In this method 
Itowcver the homogeneity of tho field over the zone of mixture of 
the two gases is essential. 


Table 2,—MagneUc moments 
of O 2 and NO. 


Gases 

Xx 10*> 

XxlO” 

V 

Oj 

107'8 

•1434 

14'12 

NO 

(18'7 

•0609 

9-20 


Thus the diflorenec of i)reMsurc 
was moasiu'cd between two points on 
a column of gas, ono of which was 
cximscd to tlio magnetic field and 
the other was outside of it. Bauer 
and Piccard'.s result for Oj and 
NO are shown opposite, 
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M ,To manometer 


Gfls Inlet 



Meniscus 

F 


Ni CL-Sol. 






Wills and IlLCTcm's Mimicm. 

Moro I'ocGiitly (1.924) tlio Quincke method has been ingenioii.sly 
inoclUjed by Wills and .Hector* for the determination of magnetic 
snsceptibilitios of 
tlm inert gases. 

In this the gas 
to be tested is 
enclo.sod under 
high pressure in 
an O-sliapcd tube 
(h^ig* IB). The gas 
occupies the part 
0 to ¥ and is in 
coiitiiet at ¥ with 
a Bohition of tlie 
paramagnetic salt 

nickel-chloride of lO. Wiapniul llcctor’B ningnotJcLftlnnce, 

IciioAVii snscepUbility. Magnetic field is applied at F. The 
two are tlicn magnetically balanced first by varying the eon- 
ORiitration of the salt solution at a known pressure of the 
gns, and then accurately by changing the pressure of the 
enclosed gas or the common temperature of the gas and the solution. 
The gas pressure is noted by means of a manometer connected at M. 
The movement of the meniscus is not dh’cctly observed at F, but at 
the constricted i)art G by means of a microscope. Gum-mastic parti¬ 
cles are put in the solution which servo as a sensitive indicator for 
the movement of the meniscus. From this observation the suscep¬ 
tibility of the gas at any other tomperatnre is calculated by using 
Curio's law. Tlio following table sliows some of their results. 

Table Ih-Maunetic HuseepUbUUy mfithoch which 

o f inert (femes, depend upon the measurement 

of the forces acting on the sub¬ 
stance when placed in a homo¬ 
geneous or non-homogeneous 
magnetic field, the neces.sity of 
measuring field strength is 
often avoided by making the 
measnremonts relative to a sub¬ 
stance of which the absolute 

* Wills and Hector, P/H/.'f. /?«;., 23, 205, 1924; llcctav, ibid, U, 418, 
lf)24. 

F. 99 


Gases 

Xxio® 

ali 20^*0 and 

I atm. press. 

1 /r.x 10“ 

Avgon 

-0’452 

-0-000752 

Holiuin 

-0’47.3 

-0-0000780 

Neon 

-0'334 

1 

-0-000277 
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value of susceptibiiifcy is known. Water is gonorally oli()si!n for this 
purpose for which X = ~ 0'72 x .10" ''at 20 C as detortniiuHl by Seve, 
Piccard and Piccard and Johnor, * 

The fact that the force on a substance in a inagneti(j iield is 
proportional to the difference in volume susceptibilities of the 
material and the siUToundiiig medium, lias often been utilised to 
measure the susceptibilities of solutions and of gases, 'riie extim-i- 
inental liquid or gas forms the medium in which a test piece is sus¬ 
pended, and magnetic field is applied to the latter. 'I'lic force on this 
piece is measured in different media. 

Interpretation of the results of paramagnetic measurements al¬ 
ways requires the susceptibility valiioss to be known over as large a 
range of temperature as possible. An arrangement for varying the 
temperature is therefore kept in all the methods. For temiieratures 
higher than the room tempei'atnrc an electric furnace is used. .Lower 
temperatures are obtained by immersing the test piece in a liquified gas, 
or by cooling with cold gas or vapour. For details of experiments 
the publications from the Cryogenic Laboratory at Leiden may bo 
consulted, iriie temperature is measured by a thermocouple or a 
resistance thermometer. 

Finally, brief mention may bo made to a dynamical method used 
for the measurement of the principal susceptibilities of crystals. A 
suitably cut crystal is susiicndod with one of its iirlucipal axes 
parallel to the lines of force of a magnet. When it is displaced 
slightly from the position of equilibrium it executes simple luirmoiiie 
oscillations. The time period depends upon the susceptibility, and 
absolute measurements may bo made if the field strengths at dilTereut 
parts are known. 


358, Summary .of Experimental Results on Diamagnetism. 

—^Thc experimental study of diamagnetism has shown that the mass 
snscoptibility is: 

(1) almost always iiidopcndent of tcniperatnrc, and 

(2) very often independent of the physical state. 

While a very large number of substances obeys law (J.) over n 
considerable range of tomperatnre, there are also sovoral eases of 
exception. X for substances Idee Bi, Sb, To diminishes in value a.s 


* Piccard and Johner, IJebr. Phyn. Acta, 4, 238, ISill. 
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the teni])oraturc is raised uiul imchii’^^oeH ii rein ark able diuiimition at 
the iueltin|>‘ point, 

(;lrai>hite pres<ints very poouliar features, When the cleava^'c 
plane is perpendicular to the )nap;netic field, X has the exceptionally 
Ilia'll value —InX10"while Avith the above plane psirallcl to the 
field, X iH-4’7 X10“^ This ])heiiomeiion of ^/vVw//r/fy//.e/7e aidsolropy 
is shown by all aniHotvopic crystals in general and its study sheds 
considorable light in elucidating the structure of such crystals. 

Accurate ]neasur(n)ients ahvays reveal a more or loss pronounced 
diilereueo between the X-values of the same substance in dillbrent 
physical states, Tin', same also liolds for allotropic modifications of a 
substance. Metallic tin is romurlcablc in this respect, for Avhile tlie 
gr<^y variety, whi(di is stable beloAV 18^0, is diamagnetic, the Avhite 
variety is paramagnetic. On fusion it is diamagnetic agaiti. 


359. Langevin’s Theory of Diamagnetism. — ^^riie interpre¬ 
tation of nuignetism as an atomic pli(iiioincnon began practically 
Avltli AVeber^s idea of niolccidar currents, But a real mathematical 
theory was (ir,st Avorlced out by Langeviu**’ in 11)05 Avlio started from 
tlio ideas introdneed by Lorent/i on the electron theory of matter; 
(1) mat(;rial sid)stances consist of assemblages of electrons Avhich 
rotate in closed orbits about a centre of force, (2) as an electron 
rotates iu an orbit, it behaves like a magnetic shell having the 
moment esjex^ Avhere a cliarge, h « area of the orbit, « velocity 
of light, X ^ ])oriodic time. If, on the whole, the diirercmt oloctrouie 
orbits be magnetically balanced, tlio system will have no resultant 
magnetic moment, that is, it will be diamagnetic. AVe shall now 
procecjd to show Iioav starting from these ideas the tlmory of dia- 
imignotisin can be worked out. 

According to the classical electron theory, an electron moving 
in a circular orbit of radius n and period t possesses the magnetic 
moment 




GX 



00 


Avhero (0 angular velocity. 

The moment is directed perpendicularly to the plane of the 
orbit, Tlie sense of the moment can be easily fixed with the aid of 
the usual rules, Noav the moving electron is subjected to a centrifugal 


Langevin, Jotn\ de Phy^y 4, G78,1005. 
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force which is equal and opposite to the attraction of the iiucIcuH, 
and is given by 

.. , , ( 8 ) 


What happens when a magnetic field peri)endiciilur to tlu^ phuui 
of the orbit is applied? The electron in motion is etiuivalent to 
an electric cuiTeut of magnitude (mule and on applying th(’, 
magnetic field it experiences a force Hemuhh directed along the 
radius, the sense depending upon the direction of tlio magnetic 
field and of the moving electron. If the cciuivalent magnetic 
moment and the field have the same directions, the force is diriKited 
away from the nucleus, but when the field and the moimmfc are 
oppositely directed, the force is towards the nucleus* '^riuise are 
illustrated in Fig. 14 (a) and (/;) respectively. 


H 


H 

I 



(a) 



Fig. 11. 


no 


As long as the force Heoirile acts on the electron, its 
angular velocity undergoes a change Aco, and the inodiliiKl valne 
of the centrifugal force is equivalent to the resultant of the radial 
forces. Hence 

^ ^'in ((JO ± A (i^y Vf .((!') 

We can assume Ao) to be small compared to co, Comparing 
equations (6) and (6'), we get 

2 mmn 2mG 

This causes a variation in the inagnotic moment oC the electron by 
an amount A|ji« given by 




Ace = - 




((!") 


When there are more than one electron in the atom, a summa¬ 
tion IS to be made over tliem, and should bo replaced by IS 
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And ab tho orbits nro not all circular, ?•;* values are to bo replaced 
by an average value ?•/'*. Instead of tlio orbital planes being 
perpendicular to the field, they can have all possible orientations 
with respect to it. Let j-i be the radius of tho projection of the 
orbit on a plane at right angles.to the magnetic field. Then for 
an atom containing N electrons, 

A V 


2 *4^ 


(7) 


wUovo the sumniatioii oxtonds over all the electrons, 

For a cliainagiictic atojn, thereforoj the atomic cUamagnctic 
susceptibiUty is given by 


V ^ A|XAt 
Xm- -Jj- 


drtl.c''* 




... ( 8 ) 


For spherically symmetrical atoms I X r'*. for a 

gin-atom which contains N (Avagadi-o number) atoiub 

%A - X A = Xai X iY = - .(!)) 


where denotes mass susceptibility and A the atomic weight. 

It is clear from Fig. 14 that in (a) the angular velocity of tho 
electron is diminished, and the moment \k therefore suffers a 
reduction. In case (h) the reverse holds. tu both cases the 
change in moment is directed opposite to the field. Tliis induction 
effect inimcdlatGly follows from Len/Zs law. The entire atom 
undergoes a change in moment of: the magnitude A (Xo , irrespeotive 
of tho fact whether initially tho magnetic moments of the individual 
orbits compensated each other or not, Wlieu compensation is 
wanting, there is a I'oslilting magnetic moment, and the substance is 
paramagnetic. 

Thus diamagnetism appears to be a universal property of 
matter, and, as the above formula shows, is independent of tempera¬ 
ture and field strength. ICvcn in the case of para or ferromagnetie 
bodiG.s, the diamagnetism is present, but is obscured by tho much 
more intensive phenomena of an opposite kind. 


* The formula (7) can bo much more easily cleducecl by using 
Lavmor’s theorem of precession, ic., the induced angular velocity of preces- 
sion of tho clootronic orbit due to the magnetic field JI is AO) ^ — licfama, 
13ut bore wo liave preforved a deduction from iundamental pruiciples, 
because this method gives an insiglit into the mechanism of diamagnetism. 
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The essential coiKlitioti for an atom or an ion to be wholly 
clianiagnetic is that the electronic orbits of the system of (ileelrons 
composing it must be symmetrically distributed around the nueleiis, 
so that the initial resultant magnetic momen t of the (a’bital (dectrons 
vanishes. From the ,si)ectro.scoi)ic point of view this amounts to tint 
fact that the atom or ion .should be in the 'So-state, in whieli tins 
resultant .spin moment and the orbital nionumt of the sysbmi vanish. 
The diamagnetic susceptibility for such an abnn or ion is giveui by 
equation (11). Sucli iU’c, for example, the inert gases, I bf, .N(!, .A, Kr, 
Xc and Niton and atoms of the second group 'He, Mg, (la, fSr, Ihi, 
Zn, Cd and Hg. 

360. Discussion of Results on Determinations of the 
Diamagnetic Susceptibility.-—As cmpha.siacd already, tlu! tlumry 
of diamagnetic susceptibility sketched above is strictly apiilicaiblc 
only to mononuclear systems. The ideal case where, tlic tlu'ory is 
expected to hold good is the family of inert gasc.s, c.//., He, Ne, A, 
etc,, which form monatomic molecules and are cluiractorised by 
closed shell electronic structure. .But from tlie standpoint of ((xpori- 
mental study inert gases olfered for a long time a ])roblem of grmit 
nneertainty. Joos* pointed out that the susceptibility of an inert gas 
atom like Ne should bo greater than that of the iio.sitively c]iarg(ul 
ions jnst following it in the periodic table as Na+, and less than tinil; 
of the negatively ebarged ion just preceding it, F in this casis; b(!- 
canse the nuclear charge of the inert gas atom is intermediate Ixdwcen 
the two, and greater nuclear charge is associated with smaller radius 
of electron orbit, and vice versa. Direct mensurenient of X of imu’t 
gases has now been possible by the improved mothod.s of Wills and 
Hector as already described, andthe above conclusion lias been verified. 

We shall now describe horv the susceptibility of other mono¬ 
nuclear structures (ions) with inert gas shells lias boon determiued. 
It is not possible to get ions in the free state, honeo an indirect 
method is employed. 

Suppose we take a substance like Osl in solution. According 
to very probable hypothesis, Gsl or most alkali halides are mnw 
com]3ounds, ie., are supposed to consist of a positively charged allculi 
ion, and a negatively charged halogen ion. It is assumed that tlui 
alkali loses one electron which attaches to the halogen atom. The 


’ Joos, Zs. f. Phys,, 19, 347, J923, 
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luolociilc iH tliUH lUiido up of two inoiiouiioUiiiL* systems Gs’^ aucl I 
each witli iin inert jijiis striu^.tuiv^ like Xe and oiicli containing 
olecti’oiis in the outer shells. It is ussiuned further that diuniagnetic 
X of the compound is tlu^ sum of the Xls of tlic individual ions, "^rhis 
is a direct consc(piouco of ParnfFs law whicli stat(is that tlio X of a 
diamagnetic molecule is ccmil to the sum of the X^s of its constituent 
atoms and ions caicli of which is iiulepeudcmtly diamagnetic. T\\o 
problem is tlum to dtjtovmiuc X for the compound Gsl and to parti¬ 
tion it in a suitable way between its two constituent ions. 


Tin) X-value foi* CsT and most otlnn* salts is host (h^tenninod in ihoir 
solution.' Water is diamaguetie having its susw^ptihility X„* ^ -’72x 
Hence IIki sus<joptil)ility of a salt is obtained from that of its solution hy 
applying tlui mlditive law 

X Cs X.V G Xiy . . . . ♦ (10) 


wher(i X, X.^ and %u> denote res])ectively the sus(3<.iptihility of sohUion, salt 
and waUa', ami eg ^ tlio eoiiconkation of the suit. A deter mi nation of X 
and Og enuhlos us to ol)tain Xg. Ikonimw^’i’’'' ohtaiiujd in tins way f(jr Csl, 
-OhX 10(Xm.^ moleeiilav susceptil)ilil>y), 

Wo JK)\v eonsidta’ the meihoil of partitioning X« l)Gtw<ien tlu 5 ions. 


Cs+ and Ld)Oth contain 
54 electrons in fclio outer 
shells, Ikenmeyor takes 
X^s for the ions Os'** 
and T to be inversely 
l)voportional to the 
sguare of their mu^hair 
charges, and lienee 
obtain 

XuH- - - 45-75 X I0"« 
Xr --49’25xl0"« 


Tahh 4.- 




\ z~>- 

7i!o.\ 
ofel(?c- \ 
trons N 

iV-l 

AM-1 

i 

AM-: 

10 

ir iii-9 

Nn+ 10'4 

Mr+h- 

18 

(il '20'4 

K’f- 

Ca-l + 

BO 

Bv a4'« 

ltl)+ in’!i 

ar++ 

54 

ir 

(]m+ 49-7 

Bu++ 


If) 

11*0 

25*4 


Taking those as standard; X*s for singly (charged ions of alkali elenients 
and of doubly charged ions of alkaline earth elcmonts can hti easily 
measured from the detenuination of X for (joinpomuls of tilujse ions 
with i. Tlie X-values of single migatively (jharged halogen ions also can 
then he easily determined from those of tlmir compounds witii alkalies. 
This has been done by Ikeinneyer and others as shown in Table 4. 

It was further fouml tliat a linear relation existed l)etween X, and N 
tho luunher of electro ns of tho ions of ekanents in the Hiime vertical 
column of periodic table. The rohition is 

--XxlO^ - Cl ....... (U) 


K, Ikonmeyer; Ann. d, P%.9., 1; 109, 1029. 
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where e\ is a consfcanfc for difFerent scries, and aiiofclior oonstunli 
however is different for different aeries. For lumvy ehnnents 
' negligible in comparison with 0 \ JV. Thus for alkali ions cj =»()*80x I fl" 

02 =2*4; for alkaline earth ions 02 — --3'5. 

We can make an estimate of radius of tlie electroni(j orl)ili from 
magnetic data in the following way; from (0) wo have 

Xm= -2-85xl0'» Y‘ = -0'80xl0-o N 

Hence . 

This shows Hint the root menu square value of tlie radius of oleetroiiio 
orbit for heavy orbits is roughly equal to that of the innorniost orbit of 
hydrogen (9’=■532x10*8 cm.). But this deduction has very littlo sigtiifl- 
caneo beyond showing that r* is of tho roasonalile order or magnitiulo. 
In general the agreement is much loss striking for other ions, as it 
naturally should be, for j'* gives only mean valuo of tho radii. 

In recent years attempts have boon mado by ITartroo,* riuiliii{>',i‘ 
Slater! and others to calculate X-valiies tiioorctioally witii tho luilp 
of equation (9) by assuming continuous electronic charge distri¬ 
bution of ions as postulated by the now quantum mcclmnics, A.s tho 
metliods are in controversial stage, wo shall not enter into tlnnr 
discussions here. 


361. Langevin’s Theory of Paramagnetism.— As alreatly 
remarked on p. 787, Lai)gcvin§ gave a matlicmatical preoi.sion to 
Weber’s ideas, and worked out a theory of paramagnetism whioh 
has been highly successful in explaining Curie’s result X“=f../y’ 
The fundamental assumptions in AVobor’s picture arc (i) the ultimate 
constituents of matter arc each a small magnet, (ii) tlioy arc Imp- 
liazardly arranged when no magnetising field acta on them. 

The first assumption has boon completely vindicated in BoIiv’h 
picture of the atom, and by tho direct cxiierimontal proof by 
Stern and Gerlaeh, which showed tliat all atoms possess magiui- 
tic moments of pjjl77) where pj, = ehlimna is tho. Bolu-magneton or 
tlie magnetic moment of an electron rotating in an orbit. But wlioii 
Langevm worked out his theoiy, such dofiiiite pictures were absent. 


+ ^oe,, 24, 89, 1928. 

1 DroG, 7 ?o?y. Soo, Ji ni ifti 1007 

t Slater, Phys. Jtev., 36, 67,1930. ’ 

& Lnngevin, Jour, de Phy.’t., 4, fi78, 1906, 
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Hg in-oocodca only Avitli general ideas. Ho supposed that whm 
the substance is placed in a magnetic field the constituent particles 
tend to set tlieinsolves with their axes parallel to the magnetic 
field. But this is resisted by the chaotic heat motion of ibc par¬ 
ticles, and ultimately a condition of equilibrium is established. 
The niatliematical tlinery as follows : 

Let ^ bo the inoliuiition of the magnetic axis of a particle to 
the direction of the external inagnotic field. Its potential energy in 
the field is 

0 

f[iTI sin 0 (JO = p//(l-cos 0) .(IB) 

0 


^Yhore |As=tlic molecular magnetic moment. According to MaxwelFs 
law, the number of molecular inaguots possessing tlie momoiit within 
a solid angle do) is 


(In ^ Ce 


fill 

(I-COSO) 


clco = sin O lio . 


(14) 


whore a ^ \iB/hT and A is a new constairt .= 

Then the number of molecules per unit volume is obtained by 
integrating the exiiression (14) betAveen 0=«0 to ; wo have 

TT 

« == yl /c “ sin 9 dO^ A 

J a 

0 


The maximum magnetic moment due to n molecules is given 
by the expression 

00 «=53 

Again let p- mean resolved magnetic moment of the particles 
along the field direction. Lot a Wc have then 

TT 

a == cos 0 (In ^ \iA Jc ^ cos o cos 0 sin 0 dO = (.i 
0 


Therefore 


H-.S-.t I” 

[i Oo gH 


1 


L (a) . (15) 


Tlie function L (a) is known as the Langevin fimcUon, For 
small values of a, we can have a power-series expansion of -Zj(a) 


as 




( 16 ) 


V, 100 
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For large values o£ a 


7^ (a) — 1-1- 2e - 


(17) 


If a be very small, as is usually the ease wlieu |,i//< <///' 
can neglect powers of a liigher tluin unity in t;lie (jxpansion (Ki), 

g 
3 

jl a \kJ1 

[i 3 m\ 

Tims the gm-moJecular smaapUbility Xm 7.v (flvni by 


and the expression (15) ixkIucos to so tlnit 

K... & 

^ wr' 


%M = 


iiiy ^ n^iv ^ oo^ 


(If)) 


H 3kT imf . 

wlioro (To => \i N ^ gm-moleculnr iirngnotitt inormuil;. 

The jnstificiitioii for thonbovo (ipproxiiuiitioii iKHioiiioH v(o-y (•,l(!iir 

from tiu! onrvo in IH. 'I'IiIh 
is obtaiiiod by plotlinfj; tlio 
function //(a) ii{>'ainHt a. Jt 
will bo ,so(jn tlmfc over ivu 
extended rnnKo the cnivvc! 
coincides with its lungent iit 
the oriKiii. For lar{!:(! vidiies 
“2 3 4-g-e of a, tlie curve shows tlmt 

d=^/llKT there is saturation, the miineri- 

cal value of Ti/p apiTroacliing- 
unity. This also folloAVS from the cx])an3ion (17). 

At ordinary temperature, with the magnetic Held usually avail¬ 
able, oven the strongest paramagnetics give a very low vahio of c*. 
Thus for Mg, for which p=.32,800 for a gm-atom at about 27X1, 
takiag //= 20,000 Gauss, wo have 



a 


t^atom 32800X20000 

fiT ~ NkT 8-3X10^ xMo ““ 
pdulc for a = 100, p/p is within l«/» of its satnratiou vidne 1. .So 
tor the paramagnetics in general, (x is much smaller tliau its 

saturation value, and Ave may replace the Langevin-function by its 

tangent at the origin. Fi-oni the geometry of the curve Ua) 

coth a - l/c, tlm tangent to it at the origin is a/3, which justifies onr 
approximation p/p « a/3. 

tibilitlx^-' ^ paramagnetic suscep¬ 

tibility varies invei-sely as the absolute tempemtnre. This explains 
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the result first obtiiiued by Curie from extonsivo experimental 
researches (.vide supra) and expressed in tlie form Iai T = Cm, 
'where Chi the Curie constant for a gm-inolecule. Most of the 
paramagnetic gases and solutions obey this law over a wide range of 
tcmpcn’ature. Among the solids gadolinium sulphate Gd 2 (SOi)!!, 
811 2 O is one of the few substances which has been found to obey 
Curio’s law accurately down to the lowest temperature of I'll'K. 

Further wo obtain from (10) that the gm-molecular moment 

ao^ , ..... ( 20 ) 

wlucli (‘iiablow US to calculate the niajjjiiotic moment I'roin a know- 
lodg'c of Curious constant Cm* 

An example will perliai^s help the student towards a bettor 
understanding of tlie principles set forth above. 0?iike the case of 
FeCls. It is a highly paramagnetic substance, and its magnetic 
susceptibility at 10°C is given by 

- 01X10*•^ Xm 01X127X10"'^ - IISOXIO' 

Hence the gm-molocaihir Jnagnctic moment 
0„ - v'axWxiFx283'^115(iXiT* =2’8X10‘ 

Therefore tlio molecular magnetic moment V’~'^ ~ 4‘5X10"®'* 
units. 

It sliould be noted here that the PcClg molecule is supposed to 
con.sist of Fc’' "'" and two Cl-ions. Since Cl is diamagnetic by consti¬ 
tution, the above magnetic moment is contributed wliolly by Fo"’"*', 
wbich is the active ion in this case. The magnetic moment of Fe'*'+- 
ion in the solid state may be expressed in terms of Eohr-magnetou. 
It is 4'5X10'“/T2ilX10"‘‘*‘ “ 4’87 Bohr-magnetoms. 


362. Weiss's Extension of Langevin’s Theory.—The result 
of extended investigations shoAVS however that very fe^v substanccis 
strictly obey the theoretical Curie laAV X.n/7'Car, but the results 
agree tolerably Avell if avo take a slightly modified laAV 


X = 


a 

T~0 


or 


G 


T -\-0 


( 21 ) 


Avhei'c 0 is a constant Avhich depends upon the nature of the 
substance. 
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ifost parmnagiictic solids as woll as fiJiToniii^'notic substaiKU's 
above Cime point follow the \A^eiss law (21). hor ('xaiiiph', 
investigations of Jacksoir*" shows that anhydrous, hydra ted nn<l doubh^ 
sulphates of Fo, Co and Ni follow the law 


between 290"K to 70l<! (tempoi’nture of liquid nitrogen). "I'lu'. values 
Table 5. »‘iuM'>ietie uioiiKUit ]> 

------. iiud AF(»isH eoustant fM'or 

Substance 0 p a lunnbor of t\n]m sul- 

___ phates ovtjr thin ranges of 

FeSO^ ^31 25‘o3 temperature is giv<ui in 

FeS 04 , 7 Pl 20 1 2rySi Table H. 

FeS04.(NH4)2S04,CH20 - 3 27*5 , . 

A similar law is 

Co SO,I —(td’O 25*2 followial bv ]\lniS()r 

Co SO 4 . 7 H 2 O i3'0 25*()d , ^^ • 

CoS04.(NH4)2S04.6H20 ^ 22 2475 (C - 0*0283, - 28*3) 

^ down to about 70'‘K. Hut 

NiS04.71-l20 - 1-59 14'(>2 below this temperature it 

Ni S 04 .(NJ'IA 2 S 04 . 6 H 20 - 4 15*0 is found that the relation 

-- between 1/X and T is no 

longer lineax*, the increase in X being less rapid than that givim by (21). 
This deviation is known as oryomaijmiw anomaly\ and is exliibiteil 
by many substances at low temperatures, 

Weiss:!: has tried to account for the modiluMl Curie law in the 
following way. He suggested that for these solids tlu^ elleefive 
magnetising field causing orientation of the pavtiehfs is not nieritly 
the external magnetising field .7/, but it is siqipleuienteil by an 
internal field Hi due to the suiTOimding ions, Weiss took tliis inner 
field to be proportional to the intensity of magnetisation /, Thm the 
effective magnetising field 

7/. - //Tri/.pJL!) 

where A is the constant of proportionality, a^iough the intiirnal 
field is supposed to bo duo to the magnetic particles HiiiToiuuling 
the particle in question, its real nature is still a inattm' of 
speculation. (See, for example, Van VIeede, MuArw and i\rn(/nrfir 
SiisccpUbililics, p. 304). 

An?, discovered in the Cryogenic Laboratory at Lcddisi 

^ lus callahorators in their low hunporaturo irivcHtigalious 

i Weiss, Jour, do Phi/.,., 6 (4), (iCl, .1907; 1, m, 1914. 
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AHSUininj^ tho existcncG of hu<iU a li(sld wo oati now re vis o the 
ocinations (18) to (20). AVc luivo oonscquoiitly 


ll . fihT . 


m 


Wo use a = JVjl, Oo j\\i in the samo Bciisc us boCorc. li'urthor 
if p density^ and vi =•-•= luoloonlar wcif^lit, the intensity of inupjucth 
siition I ^ palVI. Thou wo liavo 


or 


i _ ji „ I* (ff+ A.oj 

(To |x o/cT \ ni i 

( . _ \ _ 1^0^ . r 

Mhi I ■ dIcT 


Thereforo, - o/// ' 


or, 


Cm 


X.v— where 0 ^ 


(24) 

(25) 


For substances which obey the Woiss law, tlicre arises a pro¬ 
bability for the spontaneous magnetisation in the absence of any 
external field acting. For when the external field is zero, wo liave 

[die __ V'AI^ Oo^f 0 Oq^ Ap G 
““ k,T kT^ ltTm''^'JiTm'~ao 

awoi'c . 

la such a ease, the magnetisation is entirely duo to the interaction 
field, Also in general, we have 


(7 

OfO 


coth a 


1 

a 


(27) 


Thus at the particular tenip<n’atur('« which satisdos siinnltancously 
the two relations (26) and (27) the ])hon()nienon of sjjontancams 
magnetisation must occur. These ccpiatiouH are best solved graphi¬ 
cally as shown in Fig, 15. The dotted lino (2) represents the 
relation (26) and the full line (1) the usual Langevin function, Th(^ 
two curves intersect at the origin us well as at A, whore the slope 
of the curve is much less than that at the origin. This gives the 
condition for spontaneous magnetisation 



or T < 


(ToVip 

nviir 


T<0 


This temperature may be regarded as a transition temperature below 
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which the subst^lnco becomes fcrromaj^^notic, Thm V\^eiHs hypo- 
tliesis predicts the existence of a Curie point. 

Though in this way» an ad hoc explanation of tlui inodihed CiirUi 
law X ^ C/{T--$) has been given, the theory is not capabl(^ of cxphiin- 
ing why sometimes takes a negative value. This can bo explained 
only if we assume = II ^ yj/, Ui,, the induced moleeulur licjld 

acts in an opposite direction to tho external iiohb But sii<;li an 
assumption is contrary to cla.ssica] ideas as this yields a negative Ya|ne 
of the Curie teniporatiire, as expression (25) shows. 

Weisses assumption of molecular fields led to some uiubirstaiid-* 
ing of the phenomenon of Ferromagnetism, 


The Weiss Maiinetox, 


Weiss and his co-workers carried out a largo iiumbor of (experi¬ 
ments on paramagnetic salts and solutions, chiefly of tho transitional 
groups of elements (So to Cu), to verify the correctness or otherwise 
of formula (2l). He found that tiie relation Avas generally correct; 
further he deduced tho important conclusion that tlu^ inagiKdic 


juoment M appeared to occur in multiples of a fundmuental unit, 
thus pointing to the existence of atomicity in magnetic plumoimnin. 
The numerical vahie of this unit Avas found to bo 
M — 1123’5 gauss X cm. 

for a gm-molecule, and 1*86 gaussX cm, for a single inolecuilc. 

This quantity received the name of tho W>Lss- 7 n(:(f/n(d(yn^ but as 
Ave shall presently see, it has got no theoretical basis, 

Thus in the niunericnl example of FoClg given above, avo ha.vc 
[I == i 5X10 . The moment expressed in the corresponding AFeiss- 

magneton number, Avhicli is usually denoted by ^ is given by 
, T5X10'2*^ 


1*85X10“"'” 


== 25'f) 


The Weiss-ningneton numbers ealculiited for n numbor of coin))oiiii(l.s 
are shown in table on p. 7{)C. 


363. Application of the Quantum Theory,— Tl)o Weias- 
inagnoton was so far a purely hypotlietical physical unit nml hudeod 
tlieoretical basis. After tlie sncccs-sful exi)lnnation of the hydrotjeii 
spectrum by Bohr, it was natural to suppose that an electron rcvolv- 
mg in an one-quantum orbit may correspond to the Wciss-niagneton. 
But no ciiiantitative aRreement could be found on this basis, a.s 
can be shoAVn from the folloAving calculation ; 
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'^^riiG iriagnctio moment of an electron revolving a circVe of 
radius r Uiih been sliown [vide cqn. (5) ] to be 

. 1.2 


6Cor‘ 

2e 


Now accovdinp; to Bohr 




nh 




Hence 


nefi 

incm 


(28) 


or \i is ail integral multiple of the elementary quantity ckjAnan^ 
to wliich the name of Bohr magneion is usually given. It is gener¬ 
al !y denoted by (Xji, 

But on substituting the values of e, h and e it is found that 


\iji XiV'= 5593 gaussXcnn 

Tims we see that the magnetic moment possessed by a normal 
H-atom is not identical with the Weiss-inagnctom In fact we inivo 
taking fi 11 ''=*1123 5 


« 4'967 {ix. nearly 6) .... (29) 

|iir 

The cause of this failure is quite apparent, The atoms and 
ions whose magnetic moments were measured by Curie, AVeiss and 
others cannot bo represented by the hydrogen model For example, 
when we measure the paramagnetic susceptibility of Fe Cl 21 we 
suppose that Fc Cl 2 is an ionic compound, consisting of one Fe^^ ion, 
and two Ci ions» The Cl-ion is magnetically neutral (diamagnetic), 
hence the magnetic moment measured is that of Fe'^'^ ion. Appa¬ 
rently a complex structure like Fe'^+ cannot be represented by 
a hydrogen model, which is the basis of the above theoretical 
calculation. 

The difficulties have gradually been cleared up as our know¬ 
ledge ill atomic physics has advanced. The i*cader can easily see 
that for a successful theory of paramagnetism, a knowledge of the 
electronic structure of atoms and ions, and of the coupling relations 
amongst the constituent electrons is necessary. Hence a study 
of complex spectra, and of complex Zeeman effect should first be 
made. It is known from these studies that every atom can be 
regarded as a magnet with the magnetic moment p/j gj where 
ydinner quantum number, and ( 7 =Landd factor. 
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This atom, when it is placed iu a mapjnctio Hold, cininot 
itself at any inclination 0 to the field as wii>s siip])OS(Ml in l^nnj;‘cvin*H 
theory. It is oriented only at some dolinite ji;iven by 

relation c,QB0=^mlj\ whore m=y,y—I,.— {m/ff Mji;. 7, p. dOH, 

where these orientations arc grapliically shownX liypo(li<‘*siH 

received confirmation from Stern and Gerlnelds e.xiHTiimMils whitfii 
have already been described (vide §214). Tn the li|»:ht of iliis liyp(i“ 
thesis, Langevin'^s theory now requires a complete modilh^nliniK 

Let iis now calculate the average magnetic moment of a synb^in 
of such atoms when they arc idaecd iu a magiu^tui fi(‘l(l’^. 

The energy of an atomic magnet with a given m (mngneli(‘, 
quantum number) is now 

^ cos 0) |x,, gj Ji- p;, f/hf If 

Wc now find the probability TPI» of the atomic nuiginds of pos¬ 
sessing the magnetic quantum number '^l^his is 


where 


Wm — (7 c" = Ao A 

ami 

Il'J. 


. (no) 


Now A can bo obtained from tho ooiulitioii that i..». I. 

f» - : - j 

The average magnetic moment is given by 

. ~ . , . (:! 1 ) 

bince mgnjjll is smnll compared to kT, w (5 replaca! /! <•'' by 

1 + Then (30) gives 

^Wiu/A. «=! >,'1 + a^m ^ (uy -hi). 

where the summation is taken over to -w...-’y, that tho 
second term vanishes. 

Hence A^m+1) 

_ /1 

^ ^ “ .//(!3/?j: .1) (« •!• «“>:«'*) 

Now Sm =■ 0, and 

3 


* This calculation ^yas first given by Hnnd, Zh. f. Phjf.%, 33, 8r.r), 1025. 
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Honco jx == — jV+D .(33) 

The ^m-molocular susceptibility Xm is no^v given by 

+ . 

Wo can put this in Lnnfrcviu’s fom if wo substituto 

o' = w (/ (.lit Vy (i -1-1).(35) 

Tlicn X.M - .(36) 


Kxpressing the moment a' in terms of the Wciss-iinit 
the Weiss-magneton number 

\/3m>i ,o7x 

..^^37) 

Substituting for Xm from the modified relation (36), wo got 

P=-^{J vSWl) = 4-97 g \6wr . . •. . (38) 

[X\V 

This is the quantum mechanical expression for paramagnetic 
moment first obtained by Hand» Later on it was variously modified 
by Sommer fold, Laporte, Van Vlock, D. M. Bose and Stoner for 
obtaining better agroemout with experimental values. We shall 
consider these in the following sections. 

364. Discussion of Results.—^Tho theories sketched above can 
apply only to assemblies of inoiiatoinio gases or ions. But such a 
paramagnetic gas is rarely known or has yet been investigated. The 
only monatomic paramagnetic vapour that has been bo far investigated 
is that of potassium by Gerlaoh*. It has been found that between 
600'‘C and SOO^’C the vapour obeyfj Gurievs Law and Xiir0’38/T. 
The normal state of K is and the theoretical value according to 
(34) is Xm ^ 0'372/jr, Though the agreement between experiment 
and theory is quite good, Gerlach docs not claim an accuracy of 
more than 107o» As regards diatomic or triatomic molecules like 
O 2 or NO the above results cannot be applied without suitable 
modification. 

Let us therefore apply these equations to the measurement of 
magnetic moments of paramagnetic bodies in the form of solutions 
or crystals given in Table 6. In these bodies the gaseous condition 

* Gerlach, AUi. do Gonfjress Int. dei Fisicij 1,119,1927. 

F. 101 
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Table G.^MagneUc moments [p-valuesl of Ions of the .First 
transiliomd group. 


l'li*cli-on sli’iictiu'ti 

10 

(i 

20 

d-* 

21 

23 

d* 

20 

24 

25 

(V 

20 

27 

<1^ 

Gi'utiiid 

term 

-D 3 

■‘Fa 

; '"’i 

'^Dn 

•S 3 

HU 

M-’n 

'‘Ft 


4‘flT /; Vyij+i) 

.,, (ihtnil) 

7“t 

8‘1 

8’£) 

(1 

20'4 

niro 

08*2 

28*0 

!7’7 

4*0T^/•l» (u+i) • • • • (Homa) 

S'6 

14'i 

lo’a 

2vi 

20*1 

24'4 

nva 

14'1 , 

8'd 

4‘9rV4s(«+lJ+/U+0 , 

14'D 

22'2 

25'fi 

27*2 

20'i 

27’2 

25*rt 

2m“2 

I4'0 

(Ypn VkoU) 














Cv’* 


Fc'^ 

Fo’* 

t;o“ 


llii'-* 





18'2-iin 

20'8 . 

•20-20*5 

20*0 

20-25 

Kl- 17 

0-10 






-24 







Bflbitlor 


TF 

ys 

Mn**' 








B'A* 


Ift'O* 

20 

20’1 





Observed 



y.-t 

Sln^ 







Tulwesof 



12’G*t 

lO'O 










' M'O 








V 













V* 

ya 

Cr^ 



Vm^ 

W 

Nl^ 

CJil“ 



7*0- 

fi'fi 

17‘9- 


28'7- 






Solid SnUs 

ft‘9 


18*0 


20‘1 

20-27*6 

22-211 

14*0-17 

0-n 





Mti^ 


Mh^ 









10*8 

25 

27-80 






Row 6 glTGB the ii'iiinnljcrs calcululcd acoordhi^f to Knncl, 

. < I > nuinbor/) oaloulatcd (icnoidln^' to Ih M. Haiio. 

* I f iiinnbcri) onlculntGd nccorUlng lo Vaii-Vlcck. 

.», G, 7» 8m » o:cpcrl]ncn(a) values wlicii the snll 1 b Iti ualutloii, 

.. • 0} lOj . . 'm « < r. when (ho sail iH ill (lio Kolld Htdio 

may be supposed to hold good ns a first upproxiiimtioii. '.I’liltiiig the 
case of FcClj, if avo suppose tliis to consist of Fe ''’*'-1011 bound to 
two Cl-ions, then since Cl is diamagnetic, the pavainiigiietisin of FoC ‘I 2 
must arise wholly from the Fc'*"'-ion. Wo find that lUKUH'diiig to 
measurements 2 ) = 26'6. Lot us compare it Avith the iiingnotic 
moment of Fe'*’"'’-ion calculated from spectroscopic ijrinciplos. 

The composition of Fe'*'’'' is ... Ih/". The lowest stnto is ®i),t for 
which /= 4, p= If Avo suppose that all Fo'‘"'’-ion8 in the compoimd 
arc in this state we should have 

p = 4*97 g VJU + 1) = 38*56 

This is very much different from the experimont value 26*5. U’hc fail¬ 
ure of Hund's formula is not only confined to Fe'*'^', but it cxtonclH to 
other ions of the first transitional group, ns a glance at ^l.'iil)lc 6 hIioavh. 


* S. Freed, Jour. Am. Gliem. Soe., 49, 2456, 1927. 
t Bose find Bhnr.^ls./. Phys, 48, 716. 1928. Both .Frond and Boho, 
aiid JJImr measures X at one temp, in 293“K, lienco tho symhol (oin 
1 * 1 Soe. Msp. Fis, y Qium.ll, 140, lOK). Other 

dftta have been collected from Van v leches and Stouor’s hooHs, 
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Th« value of p has been fomid to vavy to some extent on the 

state of dihition, the nature of clicmical combination etc.Thus 

Chsuitillon*'^ found for Co*^**’- 
ions 2;-valiics varying from 22 
to 2(>. Ttie consideration of 
sucli eases is beyond the 
sooi>e of this book (vide Van« 

Vleok, Klectrio and Magnetic 
Biimijdihiliiiei^^ p. 298). 

Tlic results are better dis¬ 
played in irig. 16 in which the 

, r 1 1 , * .1 lt%mhcY of EUcirmB in iht ion, 

number ol: rf-olcctrons m the 

, 1 . 1 11 . , 1 Fig. 10 » Jlngtiello moment of elements of 

incompleto shell i.s taken as the nrsitpauMtionnigrom). 

abscissa and the corresponding _ 

2 ;-valuos nn ordinates, The -vanwieck. 

thick vortical lines denote experimental values. 

It is seen from Table 6 and Fig. 16, that there is absolutely no 
agvoemenfc between experimental values, and the ^>values calculated 
from HuneVa formula ( 38 ). We shall return to the discussion of 
other formuUe mentioned in Table 6 presently. 

PAiiA^rAGNKTXSJt OF Rabe Eautii Cojipoui^ds. 



lint bettor agreement was found by Iluncl in the case of 
com pounds of rare earths. As mentioned on p. 585, these compounds 
arc mostly trivalent, as illustrated by GdCla, audit we suppose 
tliat the binding is ionic, the compound consists of triply ionised 



U Co Pr N (1 II Sm Eu dd IT) Dy Ho Er TmYb Lu 

(57 69 61 63 65 67 09 71 

Fig. 17. MflgneUc momeniB of elomciil« of tho rorc 

CiVVUl gl’OUJ>. 


Qd+^’+ snvi^ounded by 3 
chlorine ions. The para¬ 
magnetism is entirely due to 
tho triply ionised rare earth 
ions, According to §289, 
those in the gaseous form 
have the electron structure 
where x varies from 0 in 
La to 14 in Lu, We suppose 
the RS-coiipling to hold 
good, and calculate j 3 -values 
according to formula (38), 
The results arc shown in 


Table 7, and Fig. 17, where the atoinic number of the 


* Cbautillon, Ann. dePhys.^ 9, 187j 1928. 
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elements from 57 La to 7.1 Lii have been plotted as abscissa, and tb(i 

corresponding p-values as the ordinates. The thick vertical lines 

represent the experimental values, the dotted curve .shows the valnos 
calculated according to Hand’s theory and the full curve those 
according to Van Vleck’s. 

fable 7.—Magnetic moment {p-valuee) of rare earth ionit. 


+++lon 

Term 

riicoretical value 
of 2> 

Observed value of p 

Hund 

Vail 

Vlcck* 

Cabrorn 

(stilphale) 

Dockorf 

{sobilion) 

WiliiniUH 

{(xcitif) 

67 

La 

- 1 

^So 

000 

r «. 



Dianitig-. 

58 

Co 

if 


12-66 

Jl-9 

U-89 

10-46 

1-1411(7) 

59 

Pr 

if 


17-83 

17-9 

17-90 

10-98 

1 i-dCK?) 

60 

Ntl 



18-03 

18-0 

17-99 

17-18 

17-00 

61 

11 

if^' 

% 

13-34 

? 

... 



G2 

Sm 

if 


4-179 

7-6 

7-66 

8-091 

7-HHJ 

63 

Eu 

if 


0 

18-0 

17-00 


... 

64 

Gel 

if 


39-64 

39 

40-84 

39-08 

.37-07 

65 

Tb 

if 

’F„ 

1 48-.30 

47-9 

47-76 

48-76 

... 

66 

D.S 

if 


62-72 

52-2 

62-24 

64-20 

... 

67 

Ho 

4/->» 

*I8 

62-72 

52-0 

62-24 

61-76 

60-24 

65 

Er 

4/-I' 


47-75 

47 0 

47-21 

47-21 

46-82 

69 

Tu 

4/^12 


37-85 

36-8 

36-82 

... 

... 

70 

Yb 

if^ 

% 

22-39 

21-6 

21-88 

22-30 

.. 

71 

Lit 


'S 

0 

0 

... 

6-970(7) 

2-44(7) 


ExPIiAITATION OF TXUi TABIiE, 

Column 1 . . . . contains the nuinbor of electrons in the ion, and tlio 
atmeture of incomplete shells, 

.^ • • • • Lowest term clue to tho given electron structiiro. 


* J. "^n Vleck and A. Frank, Phys, JRm, 34, 1404, 1920. 
t H. Decker, Ann. d. Phys., 79, 324,1926. 
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Coliimtis B and d give theorofcicul values of Hund aud Van Vleck, 
TVic last throG Goluiiins aliow tlie values experimentally observed by 
Oabrern, Decker and Williams. A few words of explanation are necessary 
on the experimental values of magnetic moments of the paramagnetic ions 
iis given above, Dcckerl" used solutions of sulphates dissolved in suitable 
Bolvonts in all cases except for La, Oe and Pr for which ,ho used nitrates 
of those elemonts, Cabrera,’^ St, Meyert and Zernickel: experimented 
directly upon tho hydrated solid sulphates in all cases. AVe have given in 
Puble 7, Only tho values due to Cabrera, as those due to other two authors 
uro also in fair agreomonb in most cases with these, AVilliamsg on the 
other hand made moasuroments on oxides, 

It will bo seen that tho values obtained from solutions as well as pure 
solids are in good agreement with those theoretically calculated, This 
shows tiiali under both these circumstances, ions exist in free states at 
least with rospeet to their d/’-shells, Tho values for Go and Pr obtained by 
AVillimns are howover specially low. Van Yleck is of opinion that in the 
case of oxide of Co perhaps a largo pevcontugo of Ce 0^ was present in the 
aamplo rather than C 02 O 3 , The former contains 00 +** -ion which should 
be diamagnetic like Tlio binding of Co which is stronger in oxides 

than iti most other compounds may also affect the shell by interatomic 
uflinity, Im])urity also probably plays an important part specially in the 
casG of Pr 203 and Lu 2 O 3 . 

But oven in this table it is found the ^Muimbers for Eu and Sm have 
no pretenco of ugreomont with HuiuVs theoroticiil values. We shall como 
to these casos later on. 

Attempts have boon made in recent years to account for the anomalous 
results ill tiio iron and in the rare earth group of olements, A short 
account of them, is given below. 

(a) I). M. Bosoll showed empirically that the formula 

7 ? - d‘97Vdr(s+T)‘ (39) 

agreed bettor us far as tho first transitional elements are concerned. The 
?>valuos calcuhitcd from this formula aro shown in row i of Table 6, There 
is good agreement up to after which however tho disagreement is rather 
largo, Tho formula does not hold good for rare earths, 

(b) Sommorfold and Laportell argued that wlieii tho multiplet inter¬ 
vals calculated for the lowest configuration avo small compared to kT^ we 


*** B. Cabrera, OompL Rend,^ 180, 668 , 1925, 
t Bt, Meyer. Phys. Zeits,, 26, 61, 4=78, 1925, 
t Zernicke and Janies, Journ. Am, Gfienh Soe,^ 48, 28, 27, 1926 , 

§ E, H, AVilliams, Phys, Rev,, 12,158,1918; 27, 484,1926. 

1 D, M. Bose, Zs. f, Phys,, 43, 864, 1927. 

i Sommerfold and Laporte, Zs, f. Phys,, 40, 33, 1926; Laporte, ihtd,, 
74,761, 1928. 
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are not; justified in assuming that all ions are in the lowest level. AVe 
should rather postulate a Maxwellinii distribution amongst the levels ob¬ 
tained from the lowest value of state, Tlioy obtained in tills way the 
formula 


_ 407 / ^ ( 2 /-l- 0 i(;+l)- C 


(iO) 


where hvj is the energy differcncG between the parti(nilai\/-l(Jvol concornod 
and the ground state. 

From tills they worked out two cases, first wlum the multi plot separa¬ 
tion is supposed to be very large compared to k% and the second wlion this 
is very small compared to k'i\ Tho first rodiicos to HuikIb case* The 
formula however fails to give any agreement with tlio observed values. 

Van Vleck* gave a very complete treatment ot paramagnetism on 
the basis ot new quantum meclianics, and obtained tho cxprossion.s: 

(a) When tho multiplet interval is large compared to kT 


t = ^0^ hi 3 0'+ •) 
^kf 




(41) 


where [Ib and <x{j) is a contribution from second order Zooinan 

terms, ie., a term due to tho coinpoiiont of tiro magnetic moment porpon- 
diciilar to the angular momentum vector. 

( 6 ) Wlien tlio multiplet interval is eoinparahlo to IcT 

V _ Ni lo^ l^B 3 (./H-1)/3 kT -I- a (,/ )| (2/-I-1) «- 

S(2/+i)’e- »7*>*.. - • • • (42) 

The additional term a (,;) is generally nogligihle, but becomes qiiito 
important in tho cases where I and s arc largo, tlio resultant./ being small. 
Such cases arise for 8111 *^++ and to wliich this formula lias been 

applied with complete success, 

(c) AVlion the multiplet iniorval is very small and it is assumed that 
I and s are not coupled to form a resultant 7 , but they are (]uuutise{t 
separately with respect to the field, the magneton number i.s given by 

.(4,q) 

This formula, as a glance at Table 6 shows, is also not in agreomoni witli 
experimental facts, The results of this discussion scorn to bo that IIuiiTh 
founula gives good results for rare earth ions, while Hoso^s foriiuila holds 
for the first half of the transitional olomonts, Bose has tried to justify 
his formula on the supposition that for tho Pe-group it is only tho spin 
moment of the electron that is o/foctivo in producing paramagnetism. 
The ^moment for some reason disappears. 


*Vnn Vlcok, Phys. 31, 587, 1928; 34, 1494,1625,1929. 
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StonorMias offorod an oxplaimtiou along tho line developod . hclow, 
Ho thinks it necessary to take into account tho possibility of a definite 
interaction between tho paminngnotic ion, and tho siuToiinding ions and 
molecules. 

According to him tho ideal RS-coupling between the spin vector 
and /-vectors of #-electrons assumed implicitly in ITuiura formula is 
not iipplicablo to salts of tlio iron group, as tho free ion interacts with 
tho ions and molecules surrounding it. Under those conditions, the ion 
(or the shells of -electrons) can no longer be regarded as free. What 
will be tho nature of tho inlluenco exerted by the interaction of tho 
foreign ions and inoleculos? Stoner thinks that for the iron group at 
least, tho inllucnco on tlm resultant s-vector will bo negligible, but tho 
/-vectors of the rf-olectrons will bo strojigly influenced, Tho ion may still 
bolinvo as relatively free as far as the resultant s is concerned, 

The eflcct of /-moments therefore largely disappears, thus justifying 
D. M, Bose/s assumptions. * 

But for tho rare earths, the paramagnetism arises from the 

-shell Now the incomplete dZ-electron shell may be supposed 
to be suiToundod by the 5s^y Sjo^-shells which steW it from the 
infliicucc of the foreign ions and molecules. The usual coupling 
relations between the electrons in the 4/-shell remain undisturbed. 

In support of this view, attention may be drawn to the fact 
tliat while salts and solutions of the Fe-group show continuous 
absorption of light, tho rare earth compounds and salts show 
approximate lino absorptions whose positions do not vary much 
with the nature of the compound or tho solvent. This may be 
explained by the assumptions that the lines arc due to in ter fens i- 
tiou amongst the metastablo levels of the fundamental electron 
configuration , 

The disagreement between the experimental values and the 
theoretical values calculated according to ITund^s formula for the 
cases of and has been removed by Van Vleck and 

Prankf, Approximate calculations show that the separation of 
the lowest levels is about 930 cm“^ for and 250 cm'^ 

for while tho value of hT at room temperatures is about 

200 cm"^. Hence X-valuc should be calculated out not on formula 
(41) which applies to multiplet intervals large compared to hTy 


Stoner, Phil 8, 250, 1929. 

t Vide Theory of Eleclric and Alafpielia StiseeptihilitieSj by J. H, Van 
, p. 245, 
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but on formula (42) which is for iiitermediato multiplet interviils. 
Van Vleclc and Ifi’ank^s calculations show that the disagTcemeiit 
disappears undex' this condition^ 

PiVnAMAGNETISiM INDEPENDENT OE TeMPEUATUUK, 

Quite a number of solids shows a feeble ])arainag‘nctisin 
indepondent of temperature and comparable witli diamagnetism 
in order of magnitude. To this class belong a great many pure 
solid elements, the alkalies and the allcalinc earths, as also a 
number of salts like KMnO^, K 2 Cr 207 , KaFelGN)^, etc. In many 
cases, as, e.g^y in the Pt and Pd metals and in many fciTomagnetics 
above the Curie point a constant paramagnetism* is superposed 
on the variable paramagnetism. Theoretically the oxistenco of this 
feeble paramagnetism may be understood on the basis of the 
degeneracy plienomona in Fermi-Dirao Statistiosf or of interatomic 
interactions proposed by Van Vleok;!: Consideration of this 
phenomenon is beyond the scope of this chapter. 

365. Dia and ParamagnetiBni of Molecules.— Wq have 
seen that the diamagnetism of a number of atoms and of mono¬ 
nuclear ions having inert gas structure and spherically symmoti'ical 
charge distribution can be explained by the Langevin theory at least 
to a first degree of approximation. In the case of paramagnetism 
also, the susceptibilities of the ions of the rare eartli and transitional 
groups of elements can be calculated with fair accuracy from the 
theories of Hand, P. M. Bose and Van VIock. But coming to tlio 
oases of dia and paramagnetism of molecules wc find that the above 
theories no longer hold. The reason is that the electronic charge 
distribution of molecules is considerably modified by their vibrational 
and rotational motions as well as by the nature of the couplings 
involved. Thus a molecule should be diamagnetic when its resultan t 
orbital and spin moments vanish, but as wc shall see presently, the 
simple theory of diamagnetism when applied to such a molecule 
gives only an upper limit to its susceptibility, and that with greater 
a]}proximation, the more its charge-distribution approaches the 
condition of spherical symmetry. In the case of paramagnetic 

* Milo A, Serreo, Dmcriaiioiiy Sirasshottrg, 19BI. 

t \V. Pauli, Zs. f. Phys., 4<1, 81, 1927 ; J. Frenkel, ihkl 49, 81, 1028. 

^^^Van Vleck, 7'Ae 7V/W// of Electric and Magnetic Suscepiihililiesy 
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molecules, ilio cjilcnhuioo of their susceptibilities involves the 
kiumieclive of their spec(ros(‘opic stntcH de^xmclin^ on l;h(‘ colliding' 
vohitions, ns well ns on tlu? mnltiplot intevvnls on tliose stntes. 


T)IA:\I ACilXKTlC MoIiKCUTLHS. 

lOxporiinental investidilations on the dinnin^netism of niolocules 
were carried on by Pns(‘nl,'‘' and more roi^cmtly by Bhntnni^’nj’ 
and others, Pascal from an extensive series of ineasiiveinents on 
organic molccnh's concluded that the ^Tnin-niolecnlav dianinjynotie 
snscc])tibility of a niolcciile, , can be expressed ns Ihesnin of those 
of its eonstitnemt atoms as 

X^r ~ ^ Xa + X 

v/hoxi) X is a correctiji<»’ factor winch depends upon the nature of tlm 
chemical bitulin^’ of the atoms. Farther, Bhntnaf^nr and others have 
shown that for inolocnl(‘s formin^>' electronic isomers, the diamagnetic 
susceptibilities boar a simple relation.ship with the molecnlar radius 
calcnlated froni the radii of the atoms on tins assumption timt the 
l)acking is close, ^Phesc cm])irical laws however do not ehicidatc the 
problem in any way, except showing merely a few rogiilaritic3S. 


On the basis ot the new (juantum mechanics, Van Vleolcj" has shown 
that the gvain-nn)leenhn‘ siiHCcptibility of a polyatomic molecule witli 
r(‘Md(;ant spin ami orbital moments scoro» is given by the expression 




m (>/, n) 
iiv («', n) 


. . . (M) 


Jioth tlie terms on the right hand side nrt» independent of tlio temperature, 
the (irsl; term being the one which for mononuclear systems in (lie ’So--‘^b^te 
gives the diamagnetism, The origin of the second term is cliffi<Milt to eon- 
oeiv(i in terms of modeK [nhi) is a nondiagonal term in the angular 
niomoiUinn matrix and corresponds to the transition rd to n. For diatomie 
molecules this part may bo supposed to arise from tlie rapitl precession of 
the perpendicnlnr component of tlioorbital angular momentum vector ahont 
the axis of tlio molecule. It thus appears that Langoviids formula vepn^- 
sents only an upper limit to the diamagnetism of molecules, and estimates 
of r'^ made with its help are liable to be too high. 

But the fact tliat such estimates are generally of the riglit order of 
magnitude as also the fact tlnit diamagnetism of many organic molecules 
may be found by adding together the contributions of tiio constituent 


* P, Pascal, C/m». ni Ph/s., 1908—Id; also later papers In 

Comp. Pend 

t Van Vleck, Phys. Per., 32, 880, 1928. 

V. 102 
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atoms! (as found by Pascal and known as PasmVs h(fo) show flint tin" 
second term is in gonoral much smaller in maj;i'Mitudo than (Jus first. Van 
Vleck and Frank have made a rough thoorctmal cahudatioii mC tin* Hi*(‘ninl 
term for the hj^drogen molecnle and found it to bo about If)/, nl’ tlio firsf., 
Wlien the nuclear field departs more aiul more from oontn il Hvmnirtry, 
we have reasons to beliovo that tbo sctjond bTiii incn‘aHos in inaguitudo. 
That some molecules have a constant paramagiu^tiHin indopoiH Unit of torn- 
perature may be explained by saying that tho sociond lonu nnaii tionod hImjvo 
is in these cases greater than tho first. 


PAUAMAGNETrSAr OF DlATOAIIU M<)LK(UMil*:H‘‘’ 

When the multiplet intervals are small compared to Van VIock 
has .shown that, regardless of (he fact wlictluir Iho conpliii^f in iif i.Ih‘ 
Hund-type (a) or (/;) or intermediate, the molar suseoptihility \n given by 

iYu- 

X A'*!.(.ir.) 

where H;, is tho Bohr-miignoton, A’ is tho resuItiiiU sitin mikI A the l.niiil 
orbitnl qiiiintiiin number for tlio molooiilur state. 

When tbo multiplot intervals aro lai'f>», (amipared to kT 




(-Hi) 


. . (I7) 
L'iuit;e IVoin 


Here the coupling is in gonornl of tho type («). 

Diatomic molooulos have generally 'i!o-m.rmal steh-s, oxcupt ()« niul 
NO. Mullikeiit has shown from band speotmui analysia that, the Ki'oimd 
state for O 2 is 35 ;. Siuco;^-stetos aro prnetieally devoid of lino Htrnetuiv, 
we apply formula (45) above and putting ,S'== l, /y ()^ |j„,| 

Y ^ .ooij 

Bf■“ T . 

At20°C, X from above is 3-;j9x it)-3. The ohwvod values 
3 31.10- 3 to 3'4n.l0- 3. Tho ngreoinont is thus very good. 

IheNO-moleouloolForsavcryconvoiiiont example for tin, study of 

t S 71 °“'"“f’ .. 

Jt with A A V approximately 120 em-'. The interval tIniH I.. 

c^mpmbleto /,:7’a„d none of tho above two fennulm can ho applied. 

ottbetivo magneton number i.s j^nven us a 

ledge of molecular spectlu'^Notlu^^ 'wm’ ao'rsi rT'''r’'' " ''"‘iM 
component of the spin angid^^^^ I-’''-"*-! 

PIm., 3^ G57!'l926° " ' /: 

Tfcw./sO,<t'>d Mullikeii, I'hijn. 

II Theory of ISlcoirio and Mag7ioMG SiificeplihilUics^ p^ 
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fuiiclion of l,(!nij)ornl.uvo by 
./l-c-* 

1^0 iV 


ye 


•f xe" 


avIhu’o o; 


hj^v 

Vr 


m 

T' 


m) 


I'lui ox))(?riinontiil valiu; ol' Huikh* and Piccard 


At ‘20’C, this i^ivcs l'8d6, 
is im 

Tho above I'orniula for tlic tBinpcnituro variation of NO has been 
t(^stcd cxporiinoiitally by a number of observers of whom Wiorsma, De Haas 
and On pel vised tihe longest range of temperatures, m., from 112'8'’0 to 
292*PCi The relative variations calculated theoretically and found oxperi- 
mentfilly are in perfect agreement, 


PiniYATomMl)jjhu:njra*iH, 


. The analysis of spectra for such luoleculcs is not far advanced, 
We can in general assume that tho entire orbital angular momeninin is 
of the same n a lure as tho perpendicular component of tlio or!>ital angular 
momentum for diatomic moleculos. Hence there is no lirst order 
contribution to tlio magnetic moment of tho molecule, If, however, tliere 
is a resultant spin, the susceptibility may bo expressed by 


X- 




d- iVa, 


(dO) 


where iVa is the small residual edect of tho orbital moment, The above 
formula assumes small eniirgy of eoui)liiig between tho spin and tho vest 
of tlie molecule, which is justiHcd, 

Gases are mostly diamagnetic, Cases wdierc magnetic measurements 
are available for polyatomic molecules with rosultant spin (i.c,, with odd 
number of electrons) are not very com mom As far as is knowm to the 
authors the only eases are CIO 2 and NO 2 for which the values are given 
below; 


Table a 



X„nt 20”O 

Ciilc. OI)«. 

! 

Autliov 

liemarks 

010 i, 

NOj 

(,S'=i a-0) 

r27xl()--i 1-34x10--' 

^lOxlO--! 2-1 xl0-< 

Tnyloi- 
Bo)i6 1 

Solution 


It is very likely that ionisation or polymerisation changes tlie value for tlio 
free molcculo. 


366. The Gyromagnetic Effect, —A brief description of gyro- 
magnetic effect has already been outlined earlier in this chapter. 
The subject Avill now be studied a little more closely, both from the 
theoretical and experimental points of view. 


* Js Amer, Chem, Soc.t 48, 850, 1026, 
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As inciifcioiiccl in §1355, tlio ratio of the jncchanical to tho 
netic nioitiont for the orbital inotiou of the electron is 


SI _ 2j m 


0 “) 0 ) 


Substituting' the values of itiy f?, o we get I{ — - 1M()X10“". In a 
paramagnetic body, we may suppose that atoms are theniscdves 
magnets, and tlu; effect of niaguetisatioii consists in the partial llxing 
of the axes of tlio orbits along the line of the magnetising fi(dtl. The 
total gain in magnetisation due to this process, therefore, also 
produces an equivalent gain of angular monieutuni of carriers. Xu a. 
solid body, as the atoms are not free to move, the clfect of magne¬ 
tisation will be a rotation of the body as a whole with the r(*actinn 
momentum in the oi3posite direction. Tho ratio of tho total mecha¬ 
nical momentum a to the total magnetic moment M — lli] is 

therefore given by 


.( 51 ) 

Riehardsoii^ in 11)08 obtained a correct idea of th (5 amount of 
rotational motion which aecomiainies magnetisation,’but his oxperi- 
monts were itieonchisive. The first successful exporimonts on this 
line were performed by Einstein and de Haas in 1915 though the 
reverse experiment on tho gyromagiietic effect was successfully 
carried out a year earlier by S, J, Barnett (§8(59). As the monumt 
is extremely small, hanstein and X)e Haas devised out an ingenious 
method of amplifying the deflections by resonance. We give? 
below an account of this and subsequent improved experiments. 


367, Experiments on Gyromagnetic Effect.—It is seen froju 
(51), that the rotational couple is proportional to the intensity of 
magnetisation, hence though theoretically the gyromagnetic effect 
may be observed for all dia, para and ferromagnetic solids alike yet 
it is far too small for the para and diuiuagnetics, and the measure¬ 
ments arc not practicable. It is only for the ferromagnetics wliicli 
acquire largo magnetic moments even in weak fields, that {ho (jffect 
can be observed with any accuracy. Tho experimental motliod is 
directly suggested by the theory. A rod of some ferromagn(‘ti(j 
material is to be suspeiuled vertically and magnetised suddenly, say 
by means of a ciUTont-boaring solenoid siUToiuiding it. The resulting 


0. W, Kichardson, Phys. hlcv,, 26, 248, 1908. 
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rotation oE tho rod is to bo uot(id by sonio sensitive aiTangcnumt. 
'J'he diiUoulties hi sueli experiinonts are however numerous, For 
instance^ the niagiietic axis ot the suspended wire may not be 
exactly vortical, so that a small horiy,ontal. component oE thc 
magnotic moment may exist which will be alfccted by the oartlds 
horizontal magiu^tic Hold. To eliminate tins, the effect of the 
eartlv\s ii(Hd on the spocinum must be uoiitraliscd and the horizontal 
eompommt of the inonumt must l)e reduced to a minimum. In the 
same way, various disturbing forces may come into play masking 
entirely the effect which is already very small. 

The lirst siiccuisstul experiments of i0in>st(iui and lie Haas’*' 
were as follows. An alternating current was used in the mag¬ 
netising coil, and its frequency was adjusted to be the siim(3 as the 
natural frequency of the suspended system, TMic specimen was 
inaguetised by quick reversals of the cuiTeiit and tlio maximum 
amplitude of rotation of the .system was noted. If T denotes the 
moment of the rotational couple and 0 ttie amplitude, the C(tuatiou of 
motion is given by 

I0 + K0+ T, .(52) 

But T - lUldl - li tnio 

whore t «« mass Biisccptibility and vio — mass of the specimen. 
Now the periodic magnetic Held can be represented as a Fourier 
series. But at resonance, alt terms excepting that corresponding 
to n 1 can be neglected Wo may put 

" 4 - 

II ^ ^ IL cos tml ^ — ilo cos (jut 

1 JC 

Thou (uiurttion (.”>2) becomes 

10 -b K 0 + Co + RX irto Ifo siu (o/ = 0 

.Solution of this cciuation gives the resoniuice, uin]ilitudo 

-. m 

Jt /V. 

We have now to evaluate liT and Ho* A can be easily obtahuid 
by observing the daiupiug of the suspended system, for 
taking ^=thc period of oscillations, and ai, two successive 
maximum ampUtiidcs on the same side, the logarithmic damping 
I = In (ai/a 2 ) is given by 

A. Einstein.and De Haa8» Verh, d. D, Phj/s, Ges,^ 17, 152; Einstein, 
ibuii 18, i7B, 1916; De Haas, , 18, 423, 1910, 
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Hence from the vuluo of Om and I, H can l)c (•nlculah‘d. 
Ufjin^ tins inetluKl Kinstcin and Do Haas ohUiincd //- (HIM 
'within 2% nf the tlieorotieiil valno, where //r-rcxporiinciilal and 
^theoretical ratio. 

This original method of lOinstein and l)c Haas was r(‘|K‘ali’d 
by Beek'^ (1919) with great iniprov(am‘nts in ((adiniqiMs and ))n(h 
iron and iiickol were experimented upon, Wo. found tin? vnlii<‘ 
iih—0'63 y/p which Is nearly half of ICinsbnu and De I1 h!ih\s 
value. Stewartf and later .Arvidsson:|: r<‘])eated these cx|a*riinciits 
using resonance methods and obtaimal the results //'-O'di) /i\j nnri 
0*47 Ko ioVo respectively. 

The next accurate experiment for the (hit^uanirialinii <d’ 



Kit', 18. SiicfiHmltlj nml 
n]>|rRrrtais. 


gyromag'iiptic riiHo was |H<iTiiniii'(l hy 
(Jhiittock and JJjiU'kS ky usiii)ii’ a iniii‘i> 
<Iii’t‘C!t iHotliod, I'licy injijjiicliHtal ii 
vci'tieiilly siispondtul iron wii'(' by iiicuiih 
ofa HoIcnoid citiTyiiiK ii ciiri’i'jit wliiidi 
siuTOuadcd the wifi!. 'PIk! 
moment was iiKiaRiii'i'd hyn slandiirdiHed 

miignetoin()l.er. Tlie .. i)l' roln- 

tion oJ! t-iie jvivi! due |,o Hiuldini iiingiu>“ 
tisation wa.s observed liy n rellei-tiiig 
mirror arrangonieiit. ^I’lu! torsioiml ('(i" 
cftlcioivt of the susjieiiding; (ihrc! iiixl 
time of swing of tli(! Kysti-in Ixiiiig 
known, the mecimtneid iiioin(!iit was 
caleiilnted from tin! observi'd (lelleedon 
as explained. Thus (lie I'litio Jf was 
dotornnned. They oblaiin>il (he saiiii! 
result ns Heck, r/;v,, ii!"-- ()T> J\\. 

More reeeiitly .Siieksiiiith and Hates Ii 
have repeated the expin’inient on rota¬ 
tion by magnetisalinii using a null 
method (1,1)25). 'I'lieir appnraliiH is 
shown in .Fig. 18. 


* E. Beck, rf. Phyx., 60, .109, 1919. 
t J. Q. Stewart, Fhys. Pev., 11, 10(1,1918. 
t (3. ArvifUaon, Phys. Zcils., 21, 88, 1920. 

? A* P- Clinttock and L. F. Bales, Phil. Tram, A, 233, 21)7, 102') 

104 499 
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Ij , ,., fclio rod to bo toKtod It is sdsiiciidocl frooi the torsioohead 
T by moans of a tliin Qormiiu-silvcr wire (i. 

C .... the maKuc^bisinf^ coil thr(>u}j;h wlilcli an /V. C, cuvront passes. 
The rod L is suspended syiumctricaily along the axis of C. 

D ..,, an al a in ta if un wire atta<diod to the lower cad of L. It 
carries a smalt mirror ni and a number of small magnetised 
ncocllos E, 

BB ,, , a small paii' of Hoimholt^i coils, so situated that tlie 
neotllos R Uo at their centre. 


if .... a coil placed inside the magnetising coil C coaxially with 
L, It forms a part of the secondary circuit containing the 
resistance H, the lielmholt/. coil BB, the commutator K 
and the switches Ci. 

A .... an ammeter which may be connected to the Hclmholte coil 
with the help of the switches Q, and tiic H-coii may be 
calibrated by using a known current from the battery. 

An A. C. current is passed through 0, its frequency being adjusted 
very nearly to the natural frequency of the suspended system. 
The magnetisation of the rod L is thus periodically reversed, and the 
rod oscillates about its axis with a maximum amplitude# It 
induces a ciUTCUt in the coil J the inagnituclc of which is regu¬ 
lated by means of the resistance 11. This current flows through BB, 
and as a result a momentum is imparted to the needle magnets R 
which exactly balances the nio men turn of the system due to the 
gyromngUGtic eflect. 

T\\q flux through the secondary coil, due to the intensity of 
magnetisation I in the priiuary> and a magnetic held //is given by 
K=[H + ^M)sln 


where 5 =area of cross-section and I length of the specimen rod and 
'/i^number of turns per cm. ot the ooil J, the induced current is 


i 4^ 

r ‘ ^rU 



The angular momentum imparted to the magnets is 

where the couple due to unit ciu'rent. The magnetic moment 
of the specimen is 


M ^ Isl 
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Ncpflectin^v TJ coinpai’cd to 7, wo at once 


T nmy be dctorminocl by inissino* a known eiimMit u tlirou^'h .HB 
and iiotiiift'the cledoctioti ^ of the system IVnin the relation— 
where g — torsional constant of the .siispeiuling' wire. 

Using this method Siicksmifcli and Bates obtained the values of 
7?//?o'==^0'503 for iron, 0*501 for Nh and 0*515 for Co. 


368 . The Gyromagnetic Anomaly: Application of Quan¬ 
tum Theory* —From all the ex]KU’ini cuts described above, ex(^o])t 
one due to Kinstein and Dc Haas, a consistent discreiianey 
(/i!/77o ^0'5) is observed between the experimental and the tlieorn- 
tical values of 7?. Tliis is sometimes known us tli(s (jyromanniiiv. 
anomaly. It called for a modification of the simple formulation of 
the gyromagtictic effect in equation (50), as given by llichardsom 
This was achieved by the aiq)]ication of qiiantnin thcjory to tlu^ 
idionomenon. 

l^mni the quantum theory of Zeeman offeet, the resolved mag¬ 
netic moment of the atom is given by 

oh 

and tlio meclinnicnl moment si «*= . Thus we get 


^ G . 

a 2t}w 


(55') 


where g ^ LnndcVs splitting factor (see §222), Thus the modified 
relation between the ineehanioal and magnetic moments become 


j/^ 1 2ma 

M ^ (i (> 



Thus tlie determination of TJ enables us to calculate (j for tlio normal 
])araTTiagnetic or ferromagnetic atoms, and tJmroby to gain direct 
knowledge regarding the inagnotie condition of the enrriers. 

The quantum theory makes it clear that 7f/Tfo should be equal 
to the recipa’oeal of the Landc factor (cqii, 55), so that tlio anomaly 
disappears if for Fe and Ifi, wo assume g = 2. A reference to the 
quantum mechanical expression for g on page 425 at once shows 
tliat this is the case when /=*=0, The gyromagnetic experiment 
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fcluu’oEov() IgrcIh us to tho {M)iiolusi.oiY that for tlio forromngiietics, 
only tl)o Hplii moments of cloetrons contribute to magnetic 
moment, and the orbital moments arc ino))crativel^ "^riiis view is 
suppc)rt(5d also by recent gyroinagnotie exportinents of Sucksinitli 
and others, 

ThUvS 1)« Ray Chaudlmrit has performed experiments on 
oxides of iron and nicjkel by using these substances in ])Owdered 
form i)aeked inside thin glass tubes. Ho used a resonance motliod 
similar to Sucksmitlds, ^Yith apparatus highly cvacnatecl, so as to get 
large resonance oscillations, and obtained the results R ^ 1‘008, 
1‘01() and 1’022 {Uq being 2meie) for l^^e^O}} and 

NiO. b''e 2 0rj rosi)ectively. 

(./ooterior and Scherrer^ liavo obtained a value of J{ — I'Ol onefa 
for iron in powder form. 

All those results support the value g 2 for iron. But an 
experiment of Coetoricr on pyrrhotite in ])owcler form which shows 
well-known ferromagnetic ] 3 Voperties gives g — 0* * * § 03. This value is 
sni’])risingly low, 

If feiTomagnotism arises entirely from electron-spin, we expect 
0 ^ 2, if however the electron system is supposed to be distorted by 
the fields of the neighbouring atoms, g may lie between 1 and 2, tho 
value of R being correspondingly inereased, Van Vleck^s§ suggestion 
that two types of ions with {/-values | and 2 may be simultaneously 
present in the iron lattice may be noted in this connection. 

Sucksmithll has recently developed a method for measuring 2i 
for paramagnetic substances of rare-eA:rth series. He has obtained 
for Dy'^^-ion in Dy^Og, {/===* 1*36 experimentally. HnnclT gives tho 
ground term of the ion as which loads to the theoretical value 
(I — The experiment is therefore in excellent agreement with the 
theory. 

Suoksmith^ has extended his method to ions of the first 
transitional group and to other rare-earth ions, His results arc 
summed up in Table 9. 


* Tills was first pointed out hy D, M, Bose from a study of the magnetic 
moments of ions of the first transitional group (puIe p. SOo). 

d Ray Chaiulhuri, F,RS. Dissartalioii, 

t Goeterier and Scherrev, IJelveiica Pkyswa Aela^ 1932. 

§ Ytin Yleck Etecl;rie and Magneth SnsinapUlnlUies. 

II Sucksmith^ Prot\ Roy. Soe, jU 128, 27G, 1930, 
f Huiul, Zs. f. Phys.^ 33,855, 1925, 

$ W, Sneksmith, Pvm Roy. Soc. A.^ 133, 179, 1931; 135, 276, 1932. 

F, 103 
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Tahk 9,—Values of g for ions of the first transUiorial and rava-enrlh 
groiq)s of elements as determined from the gyromagnelie rn/iOf 
and calculated from theory {Sttchsndlh)* 


Ion 

Ground 

Term 

(Expevi- 

mcnfcal) 

y 

(Theoretical) 

.Hem arks 

CV+++ 


2'0 

2-0 D. M. (Bo-sc) 

A^n'eoiiKaifc with theory 
/-inonmnt inoperative* 

Mn++ 



20 

>» 

F„++ 


19 

2-0 

>1 

Co+'^ 

ni'n 

r5 

20 „ ] 
1*27 (Sommorf<dd-1* 
Laporte) ) 

No a^injement w 1 f. li 
■ theory./-nuMnentinny 
[ 1)0 partially operiitivi**, 

L.. 



2‘12 

2-0 

Aj[>'reement w i f, li nil 
theorie,^, nineo here* 



077 

0-752 (Van Vlcck) 

A/^reonienl; witl) Van 
Vleek^H th(H)ry hide. 
p. 800, eqn. 40). 

Eu+3 

'Po 

>45 

11 

Ueault ineoneloHive on 
»e<iountof<‘xj)erinH‘n- 
tiil di/li<iuUies. 

Dy+3 


l*B6 

l-.9:i (Huml) 

A ^»’reeiM e ii t with 
Hmurs (jHU)ry. 


As explaiuGfl on p» 805, various lovinulao luivo boon ))roj)()s(*<l Uy 
Sonimerfelcl, Laporte, D. M. Bose and Stoner, A^'aii Vlcxik juul otlnirs l.i. 
account for the paramagnetic moments of those ions. In 1). M. Bowo 
and Stoner’s theories the /-moment is ussiimod to Ix* iiiop(,>rntiv(‘. 
It will be noticed that this hypothesis is supported by the resullsor 
gyromagnetic experiments for ions of tlio lii-st transitioinit group, 
llic only exception is Co'*"*’ which agrees with none of tlio tlieoi'i(‘H. 
It is supposed that in this case the/-moment may only be iiartially 
operative. The ions of the rare-earth group give r(!s,ilts ij, 
agreement with Hand or Van VIeck’s theory, in which both / and 
s-moments are taken to be operative. These conclusions arc exactly 

similar to those arrived at from considorntions of paramagnetic 
moments. 
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369, Barnettes Experiment.—In the J;orogoinji>: sections we 
have disenssed the experiments in which un angular inoinentnni is 
produced by magnetisation of ferru and piiramagiietic substances, 
and have studied how it throws light on the nature of the elementary 
tnugnots constituting them. We shall now consider another ofTect 
which demonstrates the intimate conncctioji between magnetisation 
and mechanical motion. This effect consists in the observation of 
magnetisation of substances ])roduccd by their uniform rotation 
round an axis. This phenomenon is not to be I’egardcd however as 
the converse of the first phenomenon, as its underlying reason is a 
little different. 

Oousider an electron revolving in an orbit with an angular 
velocity co. If we now impose a furtlier rotation by some external 
agent, so that tlie angular velocity now be co + Ao), the additional 
rotation will be equivalent to a preccssional motion of the orbit with 
angular velocity Am. We have seen in §207 that the effect of apply¬ 
ing an external magnetic field II on the electron revolving in a closed 
orbit is the processional motion of the orbit with an angular velocity 
Am elll'ImCy which is the famous Lai’mor theorem. In the ])resent 
case wc may consider tlie reverse effect to be taking place, so that 
the i)iH^cession of the oi'bit set up by the external rotation will result 
in the generation of a magnetic field //given by the Lnrmor theorem 


If n 



e 


(56) 


number of revolutions per second, Aco ^ 2 jt n, and wc get 


invic 

e 


71X10 ganss/r. p. s. 


(57) 


Expressing this in terms of ratio of the magnetic field and the 
angular velocity of rotation, we have 

R - 7i/A(o = 2. y.(68) 

This effect was finest observed by S. 3. Barnett in 1914, and in fact 
constitutes the first experimental observation in tlie whole domain of 
gyromagnetisra. 

In the experiment two iron rods about 7 cms. in diameter and 
84 cms. long were taken. Each of these rods was surroundecl 
with a solenoid, the two solcuokls being exactly alike. The number 


* S. J. Harnett, PJnjs, 6, 171, 239, 1915; Jotirm Wash. Acad, Sd., 
11, 162,1921; Phys. Pgv., 17, 404,1921; 20, 90,1923, 
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of turns iu cmcli was nboiit 5000. The soloiiokls were eonnoett^d iji 
o])position to a fliixinetor, whoH(‘ d(?llectioiis were read to tenths oF 
nun. at the scale distaiiec of 8 meters. Any change in the enrtld.s 
held geiiGratod equal and opposite e. an. IVs. in the two solenoids 
and thus the fluxmetor was not aOected. One of tlie rods was then 
rapidly rotated at ii rate of about 3000 revoEutions per minute. The 
rotation of the rod g'oneratetl a inagiiotic field .77, which nuignelised 
tlie rod and the Ibix thu.s produced was luoasui’ed by the iluxuietcu’. 
Tlie field ii/was determined by comi)aving this cluuigo of Ihix with 
that produced by the appUeation of a small itniforni magnetic field on 
tlie specimen parallel to the axis of rotation. Jiy using this method 
Burnett obtained a result of ii^O'08 niejdy or 7i/'M — dlX lO” ^ 
gauss/r. p. s. within an error of IbVo* value is about half the 

value to bo expected from the theory doscribcul above. 

S. J. Baruott aixdL. J. H. Burnett'^' made in 1925 a careful re- 
determinafcioii of the ratio by lusing a magnetometer method. In this 
an astatic mag no to meter was mounted with the centre of the lowcu* 
magnet system in the axis of the rod under invo.stigatiom 'ili'lui 
magnetometer deflection produced by rever.sing the direction of 
Totution of the rod .or the rotor driven at a constant speed was 
noted. The corresponding magnetic field was determined by 
comparing this deflection with that produced by reveising a known 
aiiagnetic field in the rod parallel to its axis. The .sub.stanees 
investigated by Barnett are Go> Ni, some IJ.cusler alloys, lAi-Ni, mid 
Jl'e-Co alloys. The mean value of li—Uju obtained for all those sub- 
stance.s is 1*00 meje with an error estimated as not greater than 2^yo. 
There is no certain evideiioo of any diflerence between the gyroinag- 
Jiotic ratios of the elementary magnets in difl’crent substances, 

The ratio thus obtained is again almost half tlie theoretical 
value. This anomaly has been explained exactly in the same way 
as in the ICiasteiu-De Haas e fleet already described, it arises 
because of the fact that the magneti.sation of iron—as Heisenberg 
has shown—is produced by the free electron, tiuit is, the electron 
possessing the spin only, lUnd no orbital moment, ,h\)r a s])ilining 
electron Larmor^s theorem i.s modified and the prece.s.sioiiHl 
velocity is not given by eqn. (6fi), but by the expression 


j-r 1 ^ 

Ji -AO) 

0 0 


m 


* S. J, Burnett and Jj. J, II. Barnett, Proc, AecifL of Ariu a)ul 

60, 125, 1925. See also ihUL^ 66, 873, 1931, 
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wiu!r(i (/ in tli(! Liiiulo fsietor. If tbc spin alone is prcaciit and 
the / inoiuent is imperative, we get f/^2. Henee 

R --= .///AW “ JIM ^ y~~ = /»o/c . . . (liO) 

If Oil the otlu^r hanclj tlie spin is sibsent iiiui tlio electron 
possesses only orbital motion, U mid Ji^'Zmaje ns ^ivon by (58). 

"J'his etVeet has so far been measured only in the case of forro- 
maj^netic substances/' 

Ihoh’fi liecomvirnfkrl 

1. J. 11. Van Vlock, Elcclrwand Maipieiia Smveplibiliiicsj 1982, 

2. K, 0. Btoner, Matjuelism and Atomk Slnwlm% 192G. 

;l Vj. C. Stoner, Mcu/netiwiy 19B0. 

4. K, Honda, ilfapnelic Properlics of MdUci\ 1928. 

5. G, Poex, Lp. Magnelisme^ 1929, 

0. P. Debye, II rf. Radiolor/ky 8, 1026, 

7, II r/. Plitjfiiky 15 and 16, 1927. 


^ For a complete discussion see S, J. Barnett, Phijs. Zeits.y 36, 203, 
March I, 1934; L. K Bates, NaiiirCy 134, 50, July U, 1.0:14, 
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Note 1,—^Comparison between Different Systems 
of Electrical units* 

In oiu* studies of the plienomona of Electricity mid Magiietiam, we are 
confronted with two systems of units tsorresponding to the two main divi¬ 
sions in wiiich such piionoinena occur. These are: (1) electrostatiCj in 
which electricity is supposed to l)e at rest, (2) eleotro-dynmnic, in which 
olectricity is in motion and is detected by the magnetic effect which it 
produces in the space about it, Thus wo find that if two pith balls, each 
1 cm, in radius, bo charged with equal quantities of electricity and placed at 
1 cm, apart, then if they repel eacli other with a force of 1 dyne, each pith 
ball is said to possess one unit quantity of electricity, But we define the 
same quantity from the standpoint of current electricity in a widely differ¬ 
ent way, A unit quantity of dynamical electricity is that which deposits 
gm-atoms of a positive monovalent electrolyte (say, Ag) from a 
solution of silver salt. It is difficult at first sight to see the connection 
between tiie two quantities. But electricity, wiiether measured by its statical 
effect or dynamical effect, is one and tlie same ; the two units should differ 
only in a numerical ratio. Tjct us suppose that the e.m. unit is a; times 
larger than the e.R. unit. Wo have now to find out tlie value of a?, 

It is clear that in order to find the value of x, we must produce the 
same effect by known quantities of (1) static electricity and (3) current 
electricity and compare the magnitudes of these effects, A number of 
methods can be suggested. According to experience, when 10 coulombs 
(I e. m, u. unit) of electricity pass through a silver salt solution, irsV/; 
atoms of Ag is deposited. Now suppose we take a condenser of capacity 
6" and charge it to tlie e. s, potential T, The quantity of electricity stored 
is Q=^0K Let this condenser be now discharged through an electrolytic 
tube containing some silver salt, and measure the aniount of silver depo¬ 
sited. Let it be y gm-atoins. 

Then in e,m. units the measure of the amount of electricity is 1)645 y. 
Hence we have 

9645 y ^ QA, x— 0/9645 y 

This experiment, though simple in theory, cannot be practically realized 
under laboratory condition as x is too largo. Hence some practicable 
method should be devised. 

m 
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Ifc oaji bo shown that static electricity bound in a con don sor can produce 
steady deflexion In a galvanoniotor, if tlic coiuhaiser Is iiltcrnnbvly 
charged from a source of c.nii. and discharged through the ga.lvnnonH^tm■, 
the latter would show a steady deflection. 

We can calculate the equivalent resistance ns follows: we liavn tiic 
CAiiTftnt — quantity of electricity flowing per unit time =» (quantity dis¬ 
charged at eacli contact)x(?i the numhor of chargings per sec.). Denoting 
the oiirreiifc hy f, we have i^CVn o.s. ninfcs, The equivalent vosistnnc(5 
U=Vli^\lnC e.s- units. 

Now let the corresponding resistance measured in e.ju, units bo /i*', 
Generally W is very largxj, hence it is numsured t)y a WluMitstone In-idgo 
arrangement. 

Nosy what will bo the magnitude of RH Wo can calculate it as 
follows. Since is the energy, it has got the same magniliuhs on both 

systoms of units. But GV being the charge in tho e.H, units, it is equal to 
OF/a; e.m. units of charge. nenc(3 the e.m.f. F must he equal to Fa o.m. 

units, Hence/F, the resistance in can, units is given hy /F *= Vx f ^^ 

Tims we get 

rr2 RffH ^ uGW 

Further since tlm dimensions of the quantitloH on the right hand sjd (3 
im[7i\ - T-i,[0] ^ L, [/F| - LT“>, hence dimensions of [a;] «=LT"D 
tlurs the ratio x has tlio dimonsiona of velocity. In fa(?t it was 
found first by Web(3r and Kohlrausch, and later (JonfliAned l)y ilu3 ac( 3 urat (3 
determinations of Rossa, Thomson, Abraluun, Palhit, and Glaz< 3 brook that 
a; =1 3^000lx 10which is Idontieal, within tho limitH of experinK 3 ntal 
error, with tho velocity of hffliL This identity, as is well-known, led 
Maxwell to his famous theories correlating tlio plionomonon of light pro¬ 
pagation witli the propagation of oleetromagnotic ^vaves, 

Starting from tho ratio of those two fundanK3ntal units, tlio unit 
quantity of electricity in e.in. units, and that in e.s. units, wo cun eah^ulate 
the ratio between units of other derived quantities, potential, roHistance^, 
capacity, inductance, etc, .,. which occur in the measuremonts of elecjtrical 
and magnetic plionomena, Tims for electric resistance we have calcidated 
the ratio to be 1 /a;^. 

We next consider tho ratio of o.ni; units to practical units. '!rho prat:- 
deal units aro based on two assumptions which wore introduced for 
the sake of convenionce, Thoso assumptions are i (1) one practical unit of 
quantity of electricity ^ 10^ ^ o.m. units; (2) one practical unit of 
energy 10^ ergs (Joule), From these tho practical units for otlu^r 
quantities have also been evolved. Wo collect in the table below tho 
dimensions and ratios of e.s., o.in, and practical units of various 
quantities. 
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Comparison of different systems of ivniU* 




1 

tn 

1 

in 

1 

1* rH 


4^ 

40 


Quantity 

e,s,^ 

dimension 

e.m, 

dimension 

rt 

, 

§ 

Practical' 
unit ! 


3 

e,s. unit 

1 ^ 

in 



P. unit 




1 ® 

<l5 




Ghavgo of olcc- 

m1l« T’* 



Coulomb 

10 

-1 

3X10« 

Ivioity c 







Current i 

T'" 

T'‘ 



! 

Ampere 

10 

-1 

3X108 

Electro motive 
force E 

T"' 

1 

Sl^lJ T’* 

1/® 

Volt/cm 

108 

TTuti 

Potential V 

T'‘ 

T'* 

1/® 

Volt 

108 

Vloh 

Capacity 0 


L‘V 


Farad 

10 

-fi 

9x1011 

Resistance R 

I/*T 

T rp-l 

1/®* 

Ohm 

too 

1 


iJ X. 





9X10“ 

Inductance L 

L-‘T* 

L 

i/®2 

Henry 

108 


Electric intensity 
F 

M’L'iT"' 

MiL» T’* 

1/® 



1 


Electi’ic Polari¬ 



(C 





sation P 1 


1 

.. 






Magnetic pole j 

M^Li 

T*’ 

1/05 





strength m I 






1 



Magnetic Indue-' 

MiL-* 


1/® 

Maxwell 



tion B 









Inductive Capa¬ 

1 

L”V 

0)2 





city k 









Magnetic Per¬ 

1 

l/a;2 





meability p, 









Magnetic field II 

MiL^ T'" 

1 ^ 

Gauss 

1 



Magnetic moment 1 

[i \ 


k\p‘L^ T'^ 

I/® 






The uiiib of capacity in the o.s. meaanve has the dimension of loiiglh, 
and is measured in ccnlimekrs. This is the capacity of a sphere of radius 
one om» Henco one G,m« unit of capacity ^ GxlO’*® cms. This ia 
the capacity of a sphere of radius 9x10^^ km, which is nearly equal to 
the distance from the sun to the nearest star. The practical unit is Farad 
units «= 9xl0^< cm. Very often a still smaller unit, the 
microfarad^ is used. 1 microfavad (|liF) =«= 10“ Farad ==» 10" am, units 
==9x10^ cm. 

The unit of inductance in the e,m, units ia also a ceniimder as 
If ^ j ds ds^ cos^/?*, where ds and are two elements of lengti), r is t ))0 
distance between them, and 0 is the angle which their directions make with 
each other, 

f m 



Note 2.—Methods for the Determination of ejmc for Electron* 

Fov lliGRo SCO tlio account by, W. Gorlacli in HamUmch (hr Phynik. 
22, 1, 1926. 


Note 3«—Motion of the Nucleus (p* 33S). 


Let G bo tliocoiUro of gravity of tlio two particlos tho olcctron K 
and tlio proton and lot ?/, x) and 
(X, Y, Z) bo tbuir coordinates roba’rod to any 
axofl, Then wo liavo 


HM.t) 


m ' 




7^., M 


(I’^X 


- ft 


' (IW ” ^ iW^ 

and two olibor pair of such equations In Y 


t’lg. i. 

and Z-eoordinntos, 

The forces am oqunl and op)>o9ito, and diventod along iho joining lino* 
IIciKJO wo have 


(Px . 


0 




or ^ {urn -h /1/X) - 0 


But mo: + MX => whoro Y, Y, 'A aro tho cooislinatos of 

iho contro of gravity of iho two particlos* 


Henco wo have X « 0.ota .... 

X ^ a^l -V p,v, F ^ ay ^ aW H- , (1) 

ie,y tho c.g., of the systoin moves with uniform velocity. Wo (uni without 
loss of any gonomlity, suppose tho c.g., to boat vest. 

Lotus now tako G as tho origin of coordiiuUoH (r, 0)y and lot 
U==>Gpy and lot E;? =» r -h R ^ a, 

Thou wo have 

r == a 'Y/;— j R ” ft , Y> 

APVtit 

Tho equation of motion t»f tlio oloctron E is 
m {t — rO'*) ^ 

r^b ** /*’ (const.) 

Then using (2), we get 

inM 


Cd) 


— ^C,ulfi 


7«q-;U 

(l ^0 

m 
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Thus tho motion of IC is tho same ua i[p is fixed, and m is replucsd 
by |x^==n?il//ni-l-il/, TIio quality \K is known ns tho ‘Winced mass," 

The kinetic on orgy of tho system is 

T = |w(r2 4- r-^o^) 4- 
Using (2), wo easily see that it reduces to 

T ^ i\i (a^ -k ^2^2) 

Tlio angular moniontum of tho system about G is . > 
mr^$ + Mir^O = |t a'^O 

Henco all that wo are requivod to do is to substitntc viM/(m^-Al) in 
placo of VI in Bohr’s equations given iu §164, 




Note 3-A,—Relativity Form of the Orbit (p* 356). 

In § 180» in the discussion of the energy of the oloctron ^Ylnn\ tl\n 
relativity correction for energy was taken into account, the form oC the 
orbit was not calculated This can be done by prooGo<luig from ec(i:i. (36) 
on p. 356. ^Ve Imve 

. 

Vie hnve;j^ = const =^> (KepIer^s Law), and if wo puL u = j/r, il can 
bo easily seen tliat p^, ^ujzO, Equation (36) tmnsfonuB into 

This can besijnplified into the form 

-/■'(«-pr + 8'.(AO 




(i^)‘ 


- (f-)’ ■ ■ ■ ■ w 


(-g) 

/ B^Z 1 ,« 

V ^ ^ lch/2Kf W(! luive 

^ I — a^Z^lk^y where a is the Sominerteld rjiio-sLriicturc conslnnl; 
and 


where I 

r2 


Integrating (A^), wo liave 
6 


pc /» ’ fpo .... (I 


(B) 


where 



_ cos(/0) = |3[l+8cos(/’fi)] .... (C;) 

e' =[l~(/WV^?r]/(l-/-0.(OO 

It can bo seen witlm lililo Ijilnnu- 
that wben f is little diironuit fi-oiu 
unity, wo get all tho vo.suUh cmi 
p, 342, for 

(=.4- » . 

p 10 lii _yir 

Now putting p =» kh /2jt, 

-aZjlcy /■= 1, i? =a }iic2 .|, ly ^ jnu^, 
we have * 

=, ;.2 

''InWr ’ («f)) 

of p. 342. 
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Now i'y cannot bo put + U'^, wlicro IKismnnll coinpiirctl 

to hiG^, ami crjutil to —i vttt'^Z^e^/{n'-yky, 

Honcc (1 -e 2) - vir)' 

P, m. 


Tmm h\nm oi^ tiijo OiUiiT, 

Tlio form of tho orbit in givon l)y 

u t=i \/r xrd p ( L 4 . e C03 Z' ^ ).(("'') 

Avbich (lidbrs from tbo equation of u eonio section n ==3(1 '|-Gcoh 0)11 only 
in fO being BubHlltutcjd for 0> 

Wo BOO from (C'O tl)ut r is maximum wIumi 

fO ^ JC, BJt, dJX, . , * . iiiTln. 

Wo havo then ?• «, )/p (I -e). 

On tlio other hand, r is minimum, it 

/& - 0, 2jt,. 2n K 

Wo havo thou r ^ t/(L-pe)p. 

The uiiglo botwoou the two apses are 

a/f >« il^l - “ It (1+ itpproximatoly. 

Thus the angle between the suecossivo linos to the pcriliolion are xc 

Witli the aid of these roauUs, wo can visualiy.e the form of tlio orbit, 
Let the coutro of forco bo denoted by 0, and draw two ciroles of radii 
r = l/p(l.-e) and 1/p (I-he) (Fig, 2) where those circles are denoted in 
thick, Tlu) dotted lines roprosent t1\G periholion linos, and the points 

Ai, A 2 .(lonoto the points at which the perihelion lino touches tlm 

outer circle, and the points Bi, 112 , , , , denote the corresponding points at 
'whicli the aphelion line touches the inner circle, at auccessiyo roYolutiouH, 
Thus the apse lino is advaueing, and tho electron is describing a sjiiral 
curve limited between tho two circles, which are envelopes of the perihelioJi 
and aphelion rospeotively. 

Tho angular velocity of tlio porilieliou motion is 

3ta2j^2 / 0) 

2-' “F" 

The orbit is thus an ellipse whoso perihelion is advancing witli the 
velocity si , or more rigorously with the angular velocity co (!//’—1), 

Note 4,—Thomas Precession* For an account of this see 
Birtwistle, The Neio QuanUmi Mcchaniesy p. 194 





Note 5*—A Few General Informations. 

i. We liave mentioned on p. 589 the recent annonnccnient ol' tho dis¬ 
covery of element nuinbor 93 by ICoblic* in pitch blonde. But in n 
subsetxuent issue of tho Nature ho has contradicted tlio announce¬ 
ment, as his further searches for the elenient liave yielded nc^jntivc resulls, 
(itotoT, August, 193d). 

2. . Oji p. 7d9 jt >Yas mentioned that the nebular lines X 4959 and 5007 
ascribed , by Bowen to the 0^"^ transition —^^2 liavo not been 
produced in the laboratory. In n recent paper Nagnolm and Futagaini 
claim to have produced these lines in the laboratory by sending a 
disruptive discharge through oxygen. [ Proo, Imp/ Acad, Tokyo^ 9, (4), 
1933], 

3. The auroral lines X5577, 6300, 6363 due to forbidden transitions 
of oxygeji liave also been found by Grofcrian in tho spectra of nebulae. 


* 0. Koblie, Nahirc, 134, 55, July 14, 1934. 
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PHYSICAL CONSTANTS* 


Anfjular inoinontinn unit /^/2jt = 

Ava^^adroHjOscliniidfc ininihor iV - 

Bolu’-magfnol;oii |.t == chj^inmo * 

BoUjimann constant h = 

Compton Wavelength hima = 

]51o( 5(,ionic elnirgo e «= 

Faraday F ^ 

Fina-Btruclau’o constant a « 2Jta2///a = 
. -«(r)*B0r)d:0'008). 10-^ I/a = 

Grating constant for calcito at 20®O (h 
Mass of olectroii m 

Maas of proton M * 

Mass of a-particlo /Va* 

Magnetic inoinont of proton elijinMo ^ 
Plnnck^s constant h 

Quantum constant ft/fc * 

Radius of the nor-l ^ 

.milH-a..™ 

Ratio of charge to mass of ] , 

m,ol«clr.n } 

nmUlecl.-™ 1 

llydboi'fi: constant ’=’2nhnc^ (h^a • 

licod^ ■ 


. (fO!t20.-tO'OOU$).lO-!» org. see. 

- (6-064i0-006). 102'’ 

. {0'9175J:0 0013) 10-20 org/gmiss. 

’ (1*3709±00014). 10->« org/dogim 
. (3-417;t0*005). 10-cm. 

= (4-770±0*005). 10-'«libs. o. s. u. 

> 90494 d: D int. Coulombs per gm.- 
oquiv. 

. (7*284±0 000). l0-». 

= 1.37-29±0'11. 

» (3-0283 ± 0-0010). 10-2 cm. 

= (9-035ctO'OlO). 10"®*griimmc8. 

= (r0609±0*00l7). 10-21 grannnoa 
= (6*598 ±0-002). 10-®'gmmmes. 

= (0*49G7±0-0OI0). 10-2» crg/gniiss, 

=• (C-547 ±0008). 10-27 org. sec. 

= (4*7757±0-00l9). 10-" see. degim 

=. (0*5285±0*0004). 10-«cin. 

= (1*761^0001). 107 nbs. o.m.ii./gmin, 

» 1838±1. 

> 109737*42±,0-00 cm-' = 13'54 volts, 
■ r)'822±0-009 cm-1 


StofiuiJlolt/.nnnn constant tf = (5-714 ± 0-000) 10-®. org. cm.-2 

see,-' degf.-'. 

Velocity of light in viicuum o => (2'90706d:0'00004), 10"> cm/scc. 

1 A, 0. = 10-« oin. 1 X, U. =■ 10-" cm.; 1 i-i =• 10- ' cm.) 10-’ cm. 

It V “ wiivo nmnbor, V «= volts, hve = eV, lO"* /c = kTotga, 

'fo convert wnvolongtli k into electron-volts, divide 12340 by ^ in A. 0. 
To convert electron-volts into wnve-nuinbors, multiply by 8100. 

To convert wnvolongtli X into kilociilorios, divide 280000 by X in A. 0 . 

To convert volts into kilocalories, multiply by 23'018. 

'l.’o convert ergs into electron-volts, multiply by 0’0286x 10'®, 

To convert olcctron-volts into orgs, multiply by l'69LlX 10" '2. 


* Adopted from tlio ooinpiliitions of R. T. Birge, Phi/s. Ihv. I, 

1929 1 ftiul tliosG of F. GOpol, F. Iloiming, W. Jnogev and others, MawmeU 
del' Physik, % 1026. 
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charge on, 137, 138 
chemical actions of, 114 
counting of, by Eegenor’s method, 
136, 

curved tracks of in high 
magnetic field, 134, 148 
deflection of, under electric field, 184, 
185 

distance of nearest approach of, J54, 
162 


e/m of, 135 
heafc evolved by, 160 
ionisation produced by, 142 
magnetic deflection, 

— accurate measurement of, 134 
magnetic deviation of, 138 
mass and ch&rgo of^ 136 

MUe # 

of, 134 


E 
MU«c 


of, 134 
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Alplm |)ariiclcs— {eojiid.) 
iiatiiro of, 31 
raiiffc of, 140 
rato of oiniflBion of, 137 
Hoattoring of, 162 
— angle, 163 
— Binall angle, 143 
BohifcinationB produced by, 114 
stoppage of, 104 

Btoi)ping power of substanceH for, 142 
straight eollison of, 102 
tracks of, 81 
velocity of, 118 

— Bragg's dolorniinatioii of, 147 
Ajnpcro'B thcoroni, 403 
Anode 

conipoalto, 88 

hot, discharge tube, 88, 06 

rays, 88 

A non I a Ions disporsion of X-rays, 
814 

Anonmloiifl tonus of Oa, 783 
AnonialoUH i^eonian olTcid, 399 
Are lines of He T, 663 
Argon, jBolopea of, 1)3 
Atom, as a magnet, 402 
average life of, 110 
directional «(iiantisatioa of, 408 
olectronie composition of 631, 688 
(chart) 
factor, 268 

ill a magnetic Tiold, 403, 404 
life in the excited slate, 621 
— \Vei>l)H and MosHongor’s experi¬ 
ment, 623 

Wien's exporimonts, 622 
life in the motastable slate, 020 
— Mafnyaina’fl oxporinieni, 626 
nmgnotic moment of an, 406 
of positive oloolrioifcy, 78 
Bulherford's plclnro of, 168 
Btrnclnro of, 162 
Vector model of, 410 
Atom core 

polariHalion of, 646 
rndina of, 680 
Atomic number, 08, 100 
Atoinio slriioturG factor, 268 
Aloinie weiglUs 
constancy of, 87 

law of integral nmlliplos of, 40 B7, 
08 


Auger olToct, 486 
explanation of, 488 
experimental investigation of, 480 
Aurora 

Aiistrcalis, 761 
Borealis, 761 
Auroral lines, green, 761 
Axial ratios, 233 
Azoic rocks, 100 


B ah ncr 'fi d i sen very, 320 
Baliiior'n law, 320 
Balmor linos 

rmc-sii-ncluro of, 337, 420 428 

— oxidanation of, 340 
relativity correction for, 346 

— intoiisity of componontfl, 863 
Balmor-Hories, 321, 322, 323 
Barium, interval rule for, 082 
Becqnovol-rays, 110 

Beryl, liolium contents of, 178 
Borryliuni, isotopes of, 07 
Hxchango roHoimnco, 404 
Bota-raya 

from Bad, o/ine of, 07, 00 
hoafc evolved by, 100 
natiiro of, 133, 114 
proper ties of, 163 
rango of, 100 
seat tori iig of, 100 
I weintillations produced by, 114 
Btoppago of, 104 
tracks of, from Bal), 103 
velocity of, 110, 114 
Biamnth, auscoptibility of, variation 
witli tornporaturo, 777 
Bohr-C/oater diagram, 449 
Bohr-iliagram, for Nal, 307 
Bf >)ir-('l rolr ian-d ia gram 
for iT(‘i, BOO, nni 
for AH, 568 
for Ha I, 87B 
for MgX, 088 

Bolir-magnoton, 402, 403, 799 
Bohr's orbits for hydrogen, 820 
Bohr's theory of liydvogon atom, 321 
insniKlolGnoy of, 381 
Boimnorfold's generalisation of, 841 
Brackott-sorios, 320, 320 
I Jiragg'B law, 231 
j deviation from, 008 


F. IW 
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Bragg's method for crystal Btruoture 
(letoniiiimtirtii, 421 
Bragg's spectrograph, 243 
Bragg's theory of X-ray rotlcction, 

Braun tube, 61 
Bra vis lattice, 287 
Breadth of X-ray lines, 466 

Calcium 

anoinalous toniiB of* 733, ifiotopes of, 

07 

Canal rays, 70 » 

Cathode, 42 
Cathode ray, 
discharge, nature of, 48 
e/mc of, J. J. Thomson’s method, 63 
— Bueboror’s method* 70 
— Kaiifmanu’s method, 64- 
furnaces, 60 

maximum velocity of, '66 
Coy Ion tliorianiio, time of deposit of, 171 
Chadwick’s measurement of nuclear ■ 
charge, 169 
Oharaotevistio X-rays 
breadth of lines of, 466 
conditions of oxcifation of Kdincs in, 
486 

excitation potentials of, 441 
explanation of, 446 
origin of lines in, 434» 446 
origin of L-linos in, 446 
theoretical explanation of, 461 
Chlorine, isotopes of, 98 
Chromosphere, 192 
Clevite, Norwegian, 87 
CIoBed shells, 628 
Cloud-chamber - 
applicationa of, 31, 74 
method of Blackett, 01 
method of 0, T. B, WilHon, 26 
method of Shimizu, 00 
GocMcient 
of difFuaion, 28 
of interdiffusion, 26 
of mobility, 21 
OollifiioUj elttstio, 690 
inoIaBtic, 698 
Complex spectra, 676 
Compton’s theory, experimental veri- 
(Ication of, 196 

OondenBation, raiu-Iike and oloud-like, 
28 


Conductivity, electrical, of gasoB, 
meaBiiromoiit of, by Nlster and 
Goitol, 1 

by 0. T/B* Wilson, 2 
distriutinn of, in tho dischargo tiil>o 
43, 47 

interpretation of, 3 
Constant 
auxiliary, 66 
decay, 118 

fine structure, Sommorfcld’s, 66 
fundamental, 06 
Planck’s, 66, 66 
Contact potouMal, 698 
Continuous X-rays, 287 
distribution of energy in tho spectrum 
of, 291 

oOicieucy of production of, 293 
polarisation of, 308 

— estimation of, 806 
pulse theory of, 287 
Short wave limit of, 280 

— experimental meaBiiromonts of, 
289 

Sommerfold’s theory of, 297 
space-distribution of, 294 
Convergence frequency, 866 
Convergence limit, 321 
Copper, chemical and physical pro¬ 
perties of, 678 

Corpuscular theory, revival of, 188 
Oosmio rays, 99 
tracks of, 100 
Counters, 

action of point, various Lhoorios of, 
36 

arrangements of connootions in, 33 
difficulties of working with, 34 
olctrical, Butherford niul (loigor's 

32 

point, Geiger's, 83 ^ 
record of, 87 

the Geiger-MiUlor tube, 80 
use of amplifiers in, 34 
uses of, 86 
Coupling, 

JJ— 638, nature of terms in, 086 
Busaell-Saunders’ 682 
—departure from, 682 
Critical potential 
for soft X-i-ay emission, 608 
of Ife, Co, Ni, Gn, by electron 
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l)( >1 n htinil null t motlioil, 010 
ol iiioicciilai* liydrogon, 014 
—secondary offeots iii> 016, GIB 
of llo, No and lig, GOB 
of Hg, 600 

Critical potential of olomonts, 

Davis aJul Oouchcr’B oxporiniout, 6U9 
Dinsporn's inolhod, 609 
I<’ninck and Hort// oxporimont, 696 
HorU* motliod, 602 
Hortz’ method of roBidual current 
000 

Jjcnanrs oxporimont, 694 
Or ideal potential of molecnios, 610 
Bloaknoy’s apparatus, OIG 
niodorn oxporimontal arraiigmnoiit 
for, 611 

Smytirs apparatus, G12 
tiniolvOH (lark spaeo, 42, 44, 48 
Crystal 

atomic structuro factor of, ii68 
classes, 234 

diffruclion of X-rays iji, 22 
dispersive power of, 206 
ionic, inol(!culiir ami atomic, 2GU 
ro0cotioii of X-rays in, 229 
resolving power of, 206 
Htructvire factor of, 260 
symmetry in, 234 
Cryctalline theory, ClasHitml, 232 
(.ijystal Htructure, detertninalitm of 
Bragg’s method, 241 
complete dotormination of, 260 
Debye and Hidl method, 260 
powder mothod, 260 
Bchiohold-inothod, 260 
Curio, one, (lolinod, 122 
Curie’s balance, 776 
Curio’s law, 772, 778 
WoiHs’s oxtniiHion of, 773 
Curio point, 778 
of soft iron, Ni and Co, 778 


Dark space 
Crookes, 42 
I’uraday, 42 

Decay of radioactivity, 116 
curve for 9’hX, 117 
J)(ihyo factor, 268 
Dci)ye-Hiill melluMl, 260 
DciUon, 330 


Diamagnetic anisotropy, 787 
of graphite, 787 
Diamagnetic suscoptibili ty 
discussion of results on, dotormination 
of, 790 

of irons, 790 (table) 
of salt-solution, 791 
Diamagnotisin 
condition for, 790 
discovery of, 771 
Langovin’s theory of, 787 
of molecules, BOB, 809 
— Van Vlock’s tlicory, 809 
Bascars law of, 791 
I summary of experimental rosults on, 
786 

DilTuco triplet, 3B2 
Diplogon, 036 
Discharge tube 

distribution of olccirio fjold and 
conductivity in tho 43, 46, 47 
Hot anode, 88, 96 
j phonomona in, 41 

secondary phenomonu in, 47 
Disintegration of radio uctivo bodies 
Dual (branch), 129, 181 
half value- period of, 119 
BUccoBsivG, extension to, 120 
theory of Rutliorford lind Baddy, 
118 

]:)i8porsion of X-rays, 813 
anomalous, 814 

Dispersive power of crystal, 266 
l)isplat?on»ont law, Boddy and l^’ajany’ 
181 

Distrihiitioii of electrons round atom, 
269 

Double electron iriiiisitioii, 732 
]>oiiblot laws 
application of, 670 
iiTOgnlar, 636 
regular, 648 
Doublet Boparntion 
for single electron, 7GB 
for AMiko ions, 671 
for B-liko ions, 670 
for halogens, 724 
for Iji-llko ions, 424 
for Nadiko ions, 424 
Doubling of levels, 372 
separations {Ino to, 872 
Duane and Hunt’s oxporiincut, 289 
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DupJicity i)heiioJiaGna, 373 
Dwi-inaDganesOj 687 


“e,"' early (.iGtenniaafcionB of, ! 

TowuBond’a, 73 
J, S, Tlioinaon'e 74 

Wilson’s, by balanced drop method, 76 | 

independent niotlioda of dotormina- 
tion, C5 

Millikan’s dotormination, 68 
on the absoluto value ot, 06 
Electricity, atom of positive, 78 I 

elementary quantum of, 66 
Earth 

ago of, Kelvin’s calculation, 169 ] 

tomporatuio of interior, 1G9 
Einaporn’s method, 699 
Eiastoin’s A and B coefBoionts, 619 
Einatein’s transition probability, S3X 
Eka-ceasium, 687 
Eka-manganeso, 687 
Electrolysis, I’uraday's law, interpreta¬ 
tion of, 41 
studies in, 40 
Elcotrometers 

adjustments and oalibrationa of, 69 
Compton's, 11 

Oomparison of different types of 14 
Dolezftlok, 10, 11 
Lindemaun, U 

— arrangement for using, 12 

— principle of , 12 

— sensitivity of, 13 
other types of, 9 
string, 18 

UBO of, 6 
Eloclron 

ns an oscillator, 183 
ns wave 78 

charge on the, Millikan’s dotermin^ 
ation of, 68 

contraotilo, of Lorentz, G9, 70 
dimonsions of, 76 
isolation of, 41 
magnectic moment of, 403 
mass of, 67 

maximum velocity of, 65 
motion of, under electric and 
magnetic fields, 52 
recoil, experimental evidence regard¬ 
ing, 200 


Electron— (conUL) 
rigid, of Abraham, GO, 70 
apinning, 78. 417, 774 
— in the magnetic Gold of the 
aucloiis, 420 

Sub, Ehrenhaft's hypothesis of 61 
swift, o/mo for 
Kaufmnnn’s oxporimonfc, 67 
Buchoror’s oxporimont, 70 
Electron-composition of olomouts, 609 
Bohr's theory of, 631 
calculation of optical levels duo to, 
692 

of alkali inetala, 634 
Ho to Nc, 688 
of Mg, 649 
Electron-presBuro 

from maxiimun intonsity of sub¬ 
ordinate Borios linoH and enhanced 
lines, 644, 6d6 
Blcctroecope 

alpha, beta and gaiiuna-ray, 115 
Arrangement for use of, 8 
comparison of different typos of, 14 
emanation, llG 
other types of, 9 
the tilted, 9 
Wulf’8,10 
Element, 03, 689 

EleiuentB, maximum number of, ,688 
of atomic number 48, 61, 76 

— discovery of, 686 
Eman, defined, 122 
Emanation, radioactive, 131 
Emission 

mechanism of, 026 
Btimulatod, 021 
Emission of X-rays, 441 
, Euergy-forimila, general, 707 
Energy-levels, 444 

Calculation of, from absorption and 
omission spectra, 448 

— from magnetic spectroscopy, 487, 
488 

determination of, from magnetic 
spectroscopy, 481 
of All, 668 

1 of Hel, 600, 661 

of Hgl, 695 
of Mgl, 388 
of Nal. 878 

tables for, 460 (X-rays) 
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Kijocli,, lot) 

tortiary, fu^coiiclary, palaozoic, proto- 
zoic, archuoan, 172 
Equivalonb electrons', 693 
in jj—coupling, 702 
bigUosli terms of, 717 
[), d anil f, 007 

Evolution of heat by radioaotivo 
BubstaUcea, 107 
— tluioi'y of, 107 

Excitation potential of X-ray linoB, 
ddl 

ExchiHimi principle, Pauli’s 

BC3, 572 


f-the iiyporOue siriicturo quantum 
miinl)or, 750, 75H 
Earutlay olFect, 001 
Pi 1 tors 

absorption, for X-rays, 603 
Boloctivo, 501 

B'jno-BtnictiU'c constant, BoniinorfoliVB, 
317 

Pine structuvo 
of Bill in or linos, 337 
of Ho—linos, 3dH 
of hyclrogon linos, 360 
PliiorOHcont X-rays, 208, 212, 186, 612 
ciboioncy of prochictlon, 616 
Porl)itl(len linos, 371, 710 
in Ho I Bpoctniiii, 502 
Bod, of oxygon, 761 
Porbiddon transition, 718 
duo to 0 in nobulao, 710 
in nobulao and Wolf Hayet Htars, 
718 

in 1^0 spocturin, 710 
ill Ph and Bi spoctra, 718 
Hid of linos duo to, in asiropliysical 
Hountea (table), 760 
Porrnation of o lei non is 
after argon, 674 
after copper, 679 
after Hafnium, 687 
after Budium, 688 
of the fifth poriofl, 680 
of tranBitional group, 577 
Pj-aiulc and Hertz' oxporiinont, 696, 
600 

flourcoB of oiTOr in, 697. 


g, llio Ijjuide factor, 106, 112 
for a pd-coinbinatioii, 088 
for strong fiolds, 689 
for sovoral electrons, 090 
for two electron syAtoniB, 087 
for singlet, doublet terms, 412 (tables) 
for triplet, quartet terms, 113 (tables) 
for a given iniiltiplct, 691 (table) 
in BS-coupliiig and jj-coupling, 086 
iiitorprotalioii of, 424 
g(i) Ibo iiucleiir LaniM factor, 757 
(1—pornuinouco rule, 0B8, 69! 

H—Hum rule, 688 
illustnition of, 690 
(lamina factors, 707 

for many oloctrons on ItH-ooupling, 
709 

for more than two olcctronB, 712 
for strong fields, 710 
(lamina pornmnence rule, 711 
aiiplications of, 712 
ft amnia nmn rule, 711 
applicationB of, 712 
(I aim I III rays, 
heat onvolvocl by, 100, 107 
nature of, 110, HI 
properties of, 163 
stoppage of, 140 
tracUB of, IGl, 201 
wave length of, 101 
(loigor and NnttairB law, 147 
(loigor amP Huttairs moihotl for do- 
terminiUion of range, 141 
CHogor relation, 112, 160 
(Icniogiinil opoebB, 109 
flnni(}ttioLort 201 
Growth of radioactivity, 116 
curve for Th, 117 
(ilyroinagnotio anomaly, 810 
applicatioiiB of quantum theory to, 
816 

Gyroinagnotic offect, 778, 811 
CKporimontH on, 812 
— Barnoit’s oxporimont, 819 
— Book’s method, 811 
— Einntein-de Haas method, 813 
— Bay Cluuulhuri’s oxporiinont, 817 
-- SuckBmlili ami Bat oh* oxperimoni, 
814 

Gyroinagnotic ratio, 774, 812 
dciernii nation by maguotninotor 

inclliod, 820 
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Gyi’oinagnotic niUt>— (coiitdi) t 

for Pfl, Ni, ,Dy, 817 j 

for ioiJB of the first (ransiiionixl ; 

(tfiblo), 818 i 

I 

h—Plniick's universal ooiisiaut, 190 | 

Hafniiiin, discovery of, 685 
naiiie of, 580 
Half value period, 119 
llelhn^ 55B 
Holiiim 

contents of, in old luinemls, 170 
ionisation polojilial of* 565 
ionised, lines of, 81)3 

— fine structure of, 3*18 

— — intensity of compouents of, 
366 

Stark'effect of, 672 
jtiftSB analysis of, 91 
Holhiin speotrum 
arc lines in, 559 (tabic) 
forbidden linos in, 5C3 
^roiioral description, 567 
intensity anomaly of, 561 
inter*coinbimtion iinos in, 669 
interval rule in, 5G1 
resonance lines in, 558 
tbcorotical explanation of, 562 
Housler alloys, 772 
Hortrvian oscillator, 301 
Higliost term 

for equivalont d and f electrons, 701 
for many electrons, 706 
Hydrogen 

atom, radius of, 326 
atom, higher slates of, 302 
heavy isotopes of, 04 

— spectrum of, 886 
negativo ion of 86 

second order spectra of, 94 
Hydrogen spectra 
Dobr’s theory of, 319, 821 
Somnicrfehrs goiioralisations of, 341 
continuous, 380 , 

fine fltriietiire in (aeo imdor Balmer 
lines). 

aeries of, 322 (table). 

Hydrogcuic orbit, 540 
Hyporfine stnioturo 
due to isotopic effect, 764 

— of T1 A 5861 line, 764 
experimental mothods of, 763 


ITy peril lie struct uro— (eof 1 1d.) 
explanation of rosulta, 766 
interval rules in, 755 
of Bj Hues, 746, 763 
of Bi A 4722, 762 
of Bi 2898 lino, 755 
of olcinonts x^^sscssing inoro than 
one islope (I’l), 763 
of spectral lines, 762 
physical nature and iinportaiico of, 
753. 

quantum number, 760, 758 
selection rules and intonsity rules in 
multiplets of 769 

splitting of Bi levels, 750 (Uihlo) 
terras, direct and inverted in, 750 
Zeeraan effect of lines [Kissessing 

— (Bismuth), 759 

^ A 4722 of Bi, 701 
-comx)anBoii with oxx^erimoiit, 

762 

Hyporfino-struoturo-separntion, 758 
comparison with doublet soparaiiou, 
768 

for positive and negativo intervals 
for, 759 

of 8-torms, 768 

— of Na, 768 

tlioorofcical calculation of, 766 
Hypothesis 

nebular, of Kant and Luplaco, 168 
of spontaneous disintegration, 118 
of sub oIeotroDs, Kbronhaft’s, 61 
Prout’s, 87 

I—the nuclear ijuaniuni number, 766 
Inner conversion of Xu-ays, 485 
Inert gases, 565 
spectra of 724 

Inner quantum mimbor, 405, 412, 
680 

mechanical interpretation of, 430 
significance of, 680 
Timor transition, 571, 736 
for A1 736 

Insulating power of gases, 1, 3 
comparison of bad conductors and 
good conductors, 4 

lutor-action energy botwoon a single 
electron and a miclous (regarded 
as a magnet) 766 
Interaction of the magnetic mioious 
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with tlio oxtramiclcar olccIrons 768 
Tntoroonilnnation lines, 887 
Intorforenco of X-rays, 317 
offect of Boaltoring on, 300 
Interval ratio, for triplet P, D, P* 
a. JI tonns, 710 
lutorval I'ulo, 684, 710 
proof of, 714 

Invorso square law, valitlity of, 162 
Ilutliorforil and Clmdwieli's oxpori- 
nionls on, 126 
Inver led lernis, 606 
oecnrronee of, 714 
Ionisation 
hy collision, 16 
olianiber 4, 6 
current, 1 
— Haturation, 16 
hyj)(»lliCHiH, J. ThoniHtni's, 3 
rnGfilianisiii of, 25 
nalnro of, 14 
of II OIH 

probability of rliffcrent modes of, 
0X9 

])r<Kress of, 4 
nltra, 739 

variation of, wi(b voltage, 14 
various agents of, 3 
TonlBation poiooiial 
oaloulafcion of 739 

llavis and (loncbor*H experiment on, 
5t)0 

of alkali elemonla 370 
of olomoiUa and ions of tbo transi* 
i.ional group T, 743 (table), 
of olomonts and ions of Ibo tranni* 
lional groups, 742 
of helium 506 

Ibreo valence olonionis 600 
of two valoneo oloinonis 387 
primripal, 744 

— of el omen ts and ions of tbn 
Orsl translluuml group, 743, 744 
Tonhiin, discovery of, 11.1 
Tonometer, R 
Tons 

e-lmrge on the, 24 
ilo6ncd> 3 
diffusion of, 22 
-" {rnodlcionts of, 23 
mass of, 26 

frudiillty fif 17 (see under nmbility), 


lens— (could*) 

pholograpliing the 26 (see under 
doud-cluimbor), 
physical nature of, 17 
positive, 79 
— production of 88 
Iron, soft, variation of magnetisation 
with temporalurc, 778 
soft, variation of magnetic 
suaeopdbility with ionipcraiure, 778 
Irregular doublet law, 446, 449 
636, 670 
i I lustration of 537 
Tsochroinats, 291 
Isotberms 291 
IfiotojHm 

laws of, (liseuBBion on 98 
problems of 87 
radioaetivo 104, .100, 108 
table of 102, 108 

J —the inner quantum niiinbor, 081, 405 
412, 680 («eo under inner tpiantum 
numbor). 

Boloelion principles for, iW 
jjeoupling, 683 
oquivalonf; electrons in, 706 
for PI) and Mn, 6087 
nature of terms in, 685 
terms in 688 
Zeeman elTeci for,686 


k| the a^iionthal quantum numbor 
343 

K--soriofl, 432 
absorption edges in 440 
ealculalion of abuorption froquonoy 
for 400 

condition of oxcilation, 480 
dopondonco of ntruotuure of, on 
olootrical conductivity 474 
oxoitafcion potential of 441 
in soft X-ray region 478 
origin of 434, 462 
Kalnoi^oui rocks, 169 
Konotrons 285 

Kepler orbils, orientation of, 358 
Krypton, 

ionisation potential of 604 
iBolopoB of 95 

Kulnnkampff’H experiment, 995 
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1—quantum niimbQr, M3 
, transition niles for, 722 
L—spectrum, 43G . 
absorption edges in 443 
absorption in very soft X*ray region 
477 

cftiiseB of multiplioitioa in 487 . 
(lopoiulonce of, on clectrieaJ conduc¬ 
tivity, 47G 

in soft X-ray region 476 
proi)ability of intor-levcl triinBition in 
480 

term values in 470 
Laa46-faetor g 406* 412 (seo unilor #y). 
from gyromagnetio effect 816 
for I?Q and Ni 816 
of ions of the first transitional and 
rare earth groups 818 
Langovin-funotion 708 
Langevin'fl theorem 780 
Lnngovin’fl theory 702 
Weiss’s extension of, 706 
liGuthanum 112 
structure of 684 
Larmor’fi theorem S9Ij 810 
LauG'-diagram 
intorprotation of, 264 
symmotry in, 264 
Laiio’s discovery, 222 
experimental vorification of, 220 
— reaulfc of 227 

Lauo'a tlicory of X-ray diffraction, 
224 
Lead 

atomio -weights of, 87 
isotopoB of, 108, 181 
thovio-and uranio, 87 
Ijonard’s experiment, 690 
Ijifo of metastablo states, 622 
Matnynmn’s oxporimont on 626 
(neon). 

Life of atom in the excited state, 021 
Webb and Mossonger’s experiment 
(Hg 2690, 1846) 023 
Wien’s experiment G22 
Light, connection with magnoHsm, 

m\ 

corpuBouIar theory of 174 
olcetromagnotic theory of 180 
Iictorogeneity of 177 
physical properties of, 174 
pressure of, IDl 


Light— {coniiL) 

— from quantum theory 11)2 
wave-theory of 176 

Luteoium, stnioturo of, 686 
Lyman aories, 820 

m, tho magnetic quantum nmiiljor, 
406 

for Strong holds 678 
for pfi-combination, 086 
solcction principles for 400 
M-sorios, 438 
absorption edges in, 444 
in soft region, 477 
intcrlevol transitions in 178 
MM-transitionfl, 47B 
Magma, finid, 108 
Magnesium, 

controlled exidtation of Hpcctrum, 000 
GOO (table). ^ 
isotopes of, 97 
tho triplol flpcctruin of 88.1 
Magnetic field 
in i^eenian olTcet, 890 
non-hoinogoneouR, 409 
Magnelic moTiient, <i(‘ 0^ and NO, 784 
Magnetic properties, discovery of 
imivoraality of, din, para and form, 
771 

Magnetic shell, equivalence lo a current, 
770 

Magnetic Hpoetrmn of plmloeloclrorm 
omitted by X-ray, 481 
calfiulatjon of levels from, 487 
Magnetic suscoptiliilitioR 
dopcndonco of, on jihysical slate, 
787 

of IM, 777 
of gases, 782 
of inert gaaon, 786 
of Oft and NO, 781 
of soft iron, 778 
of water, 780 

Magnetic FUiscoptihility, del on ni nation 
of 

Bhatnagar’s method, 770 
Bailor and Piccard’s inoUiod, 783 
Onrio’fl method 77B 
l?arttday’s motlind 774 

— modification of, 779 
FoGx-mothod 779 

for liquids, 780 
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Mflgnctit! HUHCopt ibili ty— {conl d .) 

Ooiiy’H niotlunl, 780 
jiUci'proliilion of roBulia on 780 
(Juintfko’H inoilioil, 782 

— inoclirication of 7B8 

HotuVn nictlmd, 781 

— rcHullH ()f> 782 

WillR ami IIc(dnr’H irndbod 785 
for cryfttalH, (lyaamical imillmil, 780 
MagnotiBaliou, of Boft ii’on» 778 

connection with cleoiruiity, 770 
(lia, para ami fon'o» illBtribution of, 
772 

oxporimontal Hlutlios in, 774 
naUiial, explanation of, 770 
Wobor’H theory of, 771 
Magneton, 

.IIolu*-.l02, 403, 700 
WoiHH, 778, 708 

Manganeao, linos of, Catalan ’h claflBi* 
I’lcation of, 077 

Many •olcctron •problems, 709 
MuHs-nunibor, 08, 00 
MaHH-Bpnetra, 
iliHcusaions of, 98 
explanation of, 93 
MaHs-Bpeetrogruph, 

Afifcon'fl 89 
Donipstor’s 96 

resolving power ami aconvaoy of, 02 
MaBiirinm, rliseovory of, fiB7 
Matrix moolianics, 180 
Mailer, earlier tbeoriofl of, 80 
fourth state of, 40 
Maxwell's Acid otiiiaiioiiB, 181 
Median plane, 231 
Mercury ions, multiply charged, 80 
Mosozoio roolcs, 100 
MolBHtable siatoH, 723, («eo inidcr life). 
Motaslablo IovoIr 740, 748 
Method of cmiiparison of iHolopo niaHHcs, 

91 

Method of liorisiontal comparlsoji 744 
illuHtratinn of, 743 
Millorian indices, 233 
Minerals, ago of, 
from Ilo-conionts, 170 
from Pb-contents, 171 
from radioactive data, 108 
Mobility of inns, 
cflofncionls of 21 


Medjility— iconfiL) 
dotoriiiination of, oxporimental 
—, Langevin's method, 19 
—, lUillierford’s mothod, 18 
of positive and negative ions, 22 
relation with coofficiont of diiTiision, 
23 

variation of, witii prcssiiro 22 
MoHoloy curve, 432 
for K, Ca IT, oh;, 370 
ill very soft X-rays 470 
Mosoley’s discovery, 431 
Moseley's work on K-serios^ 432 
Multiidots p/n, of Mg*lilco elements, 
734 

Multiplet floi>aralion, calculal-ion of 7;i.O 
for Ti, ^P-cofiguration, 710 

N-sories, 438 
ill ultra flofli rogions, 470 
NN-tranHitions, 470 
Natural magnetism, explanation of, 
770 

Nelniliuin, 749 
Needle valve, 280 
Negative absorption, 021 
Noon, 

ionisation potential of, 004 
isolnpcH of, 80, 88 
Jifo of motastnblo states of 020 
Neutron, 70, 101 
Non-hydrogonip orbits, 340 
Non-ponoirating orbits, 638, 646 
Nuoloar charge, 
mcaHiiromonfc of, 139 
equal to atomic numlior, 160, 132 
Nuclear Landd-fnetor, gi'i) 767 
Nuclear inoniont, 760 
of proton, 767 
resuUaiit, 767 

Niudcar ([uanhiiii nunibov f, 760 
Nuclear theory of atom, 160 
oxpori menial verification of, 166, 
167 

—, matlioinatuial working of 166 
Nvicloiis, 

intoraetion enorgy between a single 
clcciroi\ ami, 766 
magnetic, inloraotion of, with oxtra- 
nucloar clfydrnns, 768 
moHon »)f, 831, see also appendix. 
radiuH of, 166 


F, 107 
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O'Series, dSl 

Optical levels, , calciilfttiou for my 
electron composition, 6D2 
Orbit, 

electrical centre of CC6 
Koplerian, orientation of, S58 
non-ponetraliiiig 538, 646 
penotroting^ 638j 648 
piGceaaion of 998» 819 
Orthoterma, 655 
Oxygen, iaotopes of, 8G 

pp inultiplet, 734 

of Mg I, A1 II, Si III, P lY, 

S V, Cl VI, 736 
Par-terms, 666 
Parabola, 
positive rays 86 
method, application of, 86 
— extension of, 88 
Paramagnotio moment, 

B* M, Bobo's theory, 806 
Hund'B theory, 800 
of Pe Cl, 802 

of ions of the first transitional group 
(table) 802 

of NO, calculation of, 810 
of NO.^ CIO, calculation of, 811 
of rare-earth ions 804 (table), 
of Sm +1+ and ISu-f+H*, 807 
Sommerfeld and Jjaporte’s theory, 
806 

Stoner's theory, 807 
Van Vie ok's theory, 806 
Paramagnetism, 

application of quantum theory on, 
798 

Oryomagnotic anomaly in, 790 
discusaion of resnUs on, 801 
independent of tenipcraturo 808 
Langevin's theory of, 792 
—Weiss's extension of 796 
of diatomio molecules. Van Vlock'g 
theory of, 810 
of molecules, 808 • 
of polyatomic molecules, Van Vleck's 
theory, 811 

of rare earth compounds 803 
probnhiliby of spontaneous 
magnelisation in, 797 
Parfciole, 

path of, under a central force; 148 


Particle— {contd.) 

— application of 162 
Parametric face, 233 

Pascars law, for diamagnetism of 
molecules, 791, 809 
Paschen’s law, 17 

Pftsohoii-Back effect, 396, dOl, 426 
explanation of, 427 
Pmili's principle, 462, 663, 672 
Penetrating orbit, 688, 643 
Periodic claBsifjcation, 526, 526 
Bohr's theory, 631 
Hendcloef's, 629 
Tlioinson's, 627 
Periodicity of spectra, 630 
Phospliorescenco, 100 
Phosphorescent light, 61 
Phosphoroscent substancos, 109 
Photoelectric effect, 180 
in X-rays, 440 
Photo electrons, 57 
calculation of energy of, 483 
conditions of emiasions of 484 
magnetic spectrum .of, 481 
npace distribution of, 490 

— forward coinponont of, 494 

— lateral, 492 

— longitudinal, 491 

— of X, li, M, 490 

— theoretical explanation of, 492 
Photon, 194 

Photosphere, 192 
Pitch blende, 110 
Planck’s constant, 100 
Point-group, 236 
Polarisation, 
estimation of, 309 

— with different values of ^, 806 
of atomic core, 646 

of continuous X-rays, 808 
of scattered X-ray, 221 
Polonium, activity of, 
discovery of, radiations emitted l>y 112 
Positive ray, 
analysis of 86, 96, 97 
experimental study of, 80 
method, applications of, 87 

— extension of, 88 
multiply charged, 86 
parabola, JJ, Thomson's, 86 

Positron, discovery of, 99 
confirmation of, 100 



SUBJECT 

rositron— {coniil.) 
production, 101 
traclfs of, 85 
rotaBshim, 
iBoiopos of OS, 97 
— radioactive, 104 
Potential, 

cathode fall of, 44B 
aparkinji, 18 

variation of aparking, with prosfliiro, 

17 

Powder inolhod of crystal atructuro 
dolor 11 )illation, 2S0 
calculation of spncings from, ^52 
I’rccoHsion, 

of orbit in a niiignoiio field, 098, 81U 
Thoinatt, 421, 422 
ProdiHRocialion, 780 
ProHIon’s rule, 401 
Protacliniinn, 112 
production of, 130 
Btriicliiro of, S88 
Proton, 78, 757 
Protozoio rocks, 161) 

Protylo, 49 
Pront’s liypothosis, 87 
Pulse theory, 287 


Quail turn, 188 
Quantinn conditions, 841 
Quantum defect, 540, 548 
for alkali olomonlB, 542 
for d-torms of Na 548 
Quantum iinmbor, 
a/imutlml, 040 
ofroolivo, 070 

hyporfino structure, 750, 758 
inner, 884 , 405 , 412, 680 

— for terms of alkali oloinonts, 885 

— sigifioanco of, 580 
inagiioiic, 405 
niiolcar, 755 

spin, 41G 
total, 048 

Quantum theory of light, ovidonco in 
favour of, 100 

Quantum tlioory of ^^oomaii olTcct, 099 

Riullatioii from radioactive bodies, 
Physical nature of, 112 
Properties of 110, 115 
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tlirco types of, alpha, beta, gamiua, 
112 

— difforoneo in proportioa of, 110 

— heating effect of, 114 

— ionisation, penetrability 
pliotograpbio and physiological 
actions of, 114 

— ionisation produced by, 110 

— isolation of, 113 

— magnetio deflections of 118 
scintillations produced by, 114 

liadiation Pressiiro, Bcicetivo, 192 
lladio-activo conslants, 
charts for 123, 124. 128 
Tables for 125, 127 
Budio-active data, ago of minerals from 
108 

Budio-active onianation, 121 
Badio-activo isotopes, 131, 102 
Badio-activo recoil, 122 
Badio»activo subslanoes, 
activity, inoasuromont of, 116 
ovoliitioii of boat by 164 

— oxporimoiital verification of, 1C5 

— rate of, 150 

proportions in the earlirs interior of, 
170 

Badio«activity, 

disco very and nature of, 109 
growth and decay of 116 
' iiKlHcod 121, m 

of polasHium and nihiiliuiii, 110, 104, 
lOG 

of Tl, Pli. 11), 108 
recovery of, 120 

Himpio measuring instrumouts in, 

114 

Badio-lciid, 112, 100 
Badiiim, 
activity of, 111 

atomio weight and atninic number of, 
111 

branch products of, lOO 
* range of alpha-par (ielos from, 144 
disco very of, 110 
disint'ogration product of, 121 
olomonts after (Ac, Tli, U) 588 
isolation of, 111 

number of Ba-om atoms omitted by, 
191 

products of disintegration of, 129 
Borios, 122, 190 
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Badium— {could.) 

— charts showing the, li33 

— constants, 126 
strttcturo of, 688 

Badium oinauafcion, 121 
atomic unmbor of, 121 
atomic weight of, 121 
lunnbor enuttoil per second, 121 
one curio of, 1S2 
properties of, 121 
Bomaii effect, 203 
Bango of aJpha-particlcs 
deformination of, Geigor and NulttiH's 
method, Bid 

eariy exporimonts on, 140 
extrfipnlated, 141 

Geiger's method of do termination of, 
146 

maximum, 141 

— direot doterniiimtion of, 148 

-other methods of, 144 

relation with velocity, 142 
Belation with life, 147 
Tables for, 146 
Bare earths, 581 
trebly ionised, composition of, 686 
Bootification of high tension current 
by Kenotrons 286 
By meohanical moans, 286 
Ifull wave, 280 
Beflexion of X-rays, 229 
Bofraefcion of X-rays, 307 
Begular doublet law, 446, 460, 468, 
848, 660, 670 
modified, 648 

Belativo abundance of isotopea 98, 102, 
108 

Bolativity doublets, 461 
Bceonance lines, 
of alkali metals, 876 
of alnmiiiium, 667 
of B, Al, Ga, In, TI, 669 
of Eelium, 668 

of stripped atoms, identification of, 
688 

of two valency elements, 887 
Besonance potential of alkali metals, 
876 

of throe valency elements, 887 
of two valency elements, 669 
Bovorsing layer, 198 
Bheninm, discovery of, 687 


Bdntgoii rays, 201 
story of discovery of, 204 
Bocks, 

Archaean, 173 
division of, 160 
mean conductivity of, 169 
Botating electron, 417 
in the field oi nuclous, 420 
Bunge (lonominator, 402 
Bunge’s rule, 401 

BnssoH-Saunders coupling 65082, 
692 

BusseJl-Hrtundors noation, 680, 660 
Bydberg constant, 326 
variation in the valuo of, 834 
Bydberg coiTOclion for alkali c lemon is, 
647 

Bydberg-Schuster law, 362 
failure of, 882 
Bydberg sequence, 

in inner electron excitation spectra, 
788 

in No-spectruin, 726 

Scattering, Compton, 193 
change of wavelength at different 
angles, 158 

experimental evidence regarding re¬ 
coil electrons, 200 
Geigor and Bothe’s oxporimoJit, 202 
Modified and unmodified lines, 199 
Scattering of alpha particles, 162 
Ideal picture of, 166 
large angle, 163 
— mathematical theory of, 164 
laws of, 167 
small angle, 163 
variation with angle, 168 
variation with thickness, 168 
Scattering of beta-rays, 168 
Scattering of X-rays, 213 
Compton’s theory of, 801 
Debye’s theory of 801 
Distribution of intensity of, 299 
effect of interference in 301 
Screening constant, 423, 486, 636 
calculation of, 716 
for K-ievola 466 
for L-levels, 470 

variation of, with atomic nuinbc]', 

464 

Secondary electrons, 481 
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Seloctioil Principles, 34(1, 371 
for inuor qutiritinn minibcr, 384 
SelcoUon riilos, 722 
in X^ray spectra, 446 
Separation factor A, 717 
for oquivalont electron 718 
for non-equivalent electrons 718 
observed and calm*Ititoil values of, 
720 (tabic) 

Scries, 

Balincr, 322, 323 
Brackett, 823, 320 
Convorgonco of (for No) 726 
Biifuao 302, 806 
Ijyiniui 322, 320 
I’asdlion, 32ti 
PlHmcl, 828 
Pickering, 333, 336 
Principal 304, 806 

— Imi)ortanco of, 808 
Ilitz, Pasohon, 323 
Bliarp, 801, 806 

Bliolls of olcctroas, 628 
Singlot spoctrnin, 880 
Slater's diagrannimtic mol bod, OOB 
for HH-oloctrons, 003 
for flp-olectron», 700 
for equivalent p-oloetrons, 701 
Solar chroinosphore, appearance of Ho 
linos in, 062 

Soinmorfold and Kossora displacoinont 
law, 376 

Sommorfolcrs, fine structuro eoiwtant, 
347 

Spaco obargo-e/Tcot, 002 
Spaco gronps, 240 
Spectra, 

absfn’ptioh, duo to oxeilation of inner 
olocirona, 730 

— of ITg I, 737 

Complex, (iGfiiiition of, 676 
— Hislory and mothod of claasiricii- 
lion of linos, 676 
Controlled excitation of, 006 
dvto to roinoval of electrons from 
iniiej' sbolla, 736 
lilnlmnccd, 874 
— SyatomatiBation of, 874 
Praunbofer, of tlio sun 103, 640 
Mulliplet, dethiition of, 070 
of alkali olcmonts, 634 
of alkali inotalSi 801 


Spectra— {conUL) 

— family of terms in, 804 

of atoms and ions with d-shelt 726 
of atoms and ions with p-she 11, 721 
of aurora, 761 
of bismuth, 764 
of cerium, 731 
of cbvoiniiun, 740 

of olomonts belonging to individual 
periods, 721 

of olomonts, general explanation of, 
832 

of olomouts of group 2, 380 

— general features of, 881 

oi‘ elements of tbo first transitional 
group. 728 (Pe 1, Po 11, III, IV) 
of faciilao, 761 
of Iloliiim, 667 
of inert gases, 724 
of La I, 780 
of La II, 781 
of Li 11 and Bo 111, 60t> 
of Magnesium II in Vacmiin arc, 062 
of Muugancao, Catalan’s claasiricatiou 
<>f 077 

of night sky, 726 
of 0 III (linos and terms), 738 
of rare earths, 729 
of solar chromoapbero, influence of 
prosauro on, 061 

of Htars, explanation by iojiisalioii 
formula, 038 

— general foatiu’CH of variations, 039 
of thrco*valonco olomonts 666 

of Ti I, 728 
of Ti 11, 717, 727 

of Ti II and Oa I, duo to do\ibIo 
electron transilions, 732 
of Ti III, 727 
of Ti IV, 720 

of fransitioiml oloments of groups II 
and in, 729 

of two-valence olomonts, 649, 6B4 
recombination, 381 
second stage, 060 
Spectral linos, Breadtli of, 388 
Half-width of, 339 
fjpedtrograph, X-ray, 

Bragg, 340 
Poublo crystal, 371 
Booman, 307 
Siogbalin, 264 
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Spoctroscopofi, intorfei'enco, 395 
Spectioscopy of X»rays, 
absolute method of» 273 
Bragg's focussing method, 2G8 
Concave grating, 277 
Curved Crystal, 273 
Double^Crystal, 271 
ill hard region, 268 
in fioffe-region, 269 
Moseley's fixed crystal method, 262 
Plane grating, 276 
Seemau, Schneidon and Loch- 
camera, 267 

Siegbahn’s precision, 261 
Spin doublet, 461 
Spinning electron, 77d 
Spinthariscope, 114, 144 
Spiizentladung i 83 
Stark effect, 

Bohr's treatment of, 666 
Components of Ha » microphofcogramB 
of 664 

experimental arrangement, 667 
for non-hydrogenic atoms, 671 
Physical explanation of results, 672 
further works on, 670 
intensity distribution of components 
of Balmer lines in, 666 
of hydrogen lines for weak fields, 
670 

quantum numbers, 664 
results on, 687 
second order, 671 
selection rules for, 663 
separation compared to fine structure, 
666 

. Theories of, 668 
—, Epstein’s, 659 
Transition diagram for H ^ » 603 
Stars, 

temperature of, 644 
types of, 688, 639 
Stellar ntraosphore, pressure of, 644 
Stellar spectra, 

general features of variation, 639 
of astro-physical importance, 640 
(table) 

variation of intensity,- Lockyer’s 
diagram, 642 

variation of intensity with temper- 
atiiro of subordinate series and 
enhanced lines, 645 


Stern and GerJaeli's experiniont, 408 
Slokes’ Law, 59, 62, 78 
Stokes' theory of X*ray proiluoUoti, 
278 

Straggling of «-rays, 141 
Stripped atoms, 588 
Structure 

of crystals (seo undor crystal 
structure). 

of hair wool and celluloid, 261 
of liquids, 261 
Structure diagram, 
of aluminium, 660 
of magnesium, 549 
of sodium, 635 
Structure factor, 
atomic, 266 
electronic, 258 
Structure of the atom, 142 
I'lanetary, theory of, 153 
Eutlierford’s picture, 168 
Thomson’s picture, 162 
Sublevels, electrons to, 632 
Sun, 

Elements in 047 (labio) 

Eraunhofer's spectrum of 646 
percentage ionisation of cIomentB of 
groups I and II in 048 (table) 

Sun s'pots, perceninge of ionisation 
of elements in 648* 

Symmetry in crystals, 284 
in Lauo diagrams, 268 


Temperature, of rocttlcHoonco, 771 
Term formula, quantitative, 706 
Term intervals, in spectra of two valence 
elements, 668, 664 
Terms, 

anomalous, of Ga, 788 
arising from equivalent p* elect run 
configuration, 722 

families of, in the alkali spoctruni, 
864, 867, 371 

— absolute value, calculation of, 366 

— representation of, 866 

— Sommerfeld's representation of, 
371 

Normal and excited for Ti I, Ti II, 
Ti III, Ti IV, 720 
Primed and unprimed, 723 
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Term VahioSt 44C 
nbBoliito calculation of, 740 
ftUernativo way of dosiguating, 741 
(?alcnlati(m of, 448, 588, 789 
definition of 730 
lor hai'ium, TiBi 

for liydrogoiuc and nou-hydrogonic 
orbilfl of alkali olonientH, Ml, 549 
for highest and lowest niultiplioitics 
with largest l-valiies, 702 
for Na-speotnim, 610 
for iionetrating orbits, 648 
highest, for C(|iuvalent f and d- 
electrona, 704 

—• for inaiiy electron a, 706 

S, P, 1"), for two oquivaloni p-olectrona 

700 

Tables of, 450 (X-ray) 

Term values of, 

A1 I, 607 (with table) 

Bfl 681 

Ba 11 B 6 I 
Ca IT 676 
Os I, 6 BX 
II, 322, 023 
Ho I, 660 
K» 676 
L-lovola, 470 
Mg T, 660 (table) 

Mg II, 076 
0 HI 09J 
Be HI 676 
Ti IV 676 

Thooroin of, 

Ajnptsi'o, 408 
Ijarnior, 897 

Tlionnal excitation of gases, 628 

Thermal Ionisation, 
as a ease of roversibio reaction, 
calculation of porcenlago of 088 
in a mixture of gases, 066 
influence of pressure on, 061 
multiple, 087 
Halm's theory of, 080 
—> applications of, towards a physical 
explanation of ibo spectra of stars,, 
368 

— Darwin and Powlor’s modi0cation 
of 686 

oxporiinoutal voriOcaiion of, 668 
— furtlior 1110 ( 116 cations of 088 
^ Husscirs inotliOt’aihm, 602 


Thermal Ion isation— {conid .) 

some apparent difTiculties in 649 
Therm ions, 67 

— velocity distribution of, 696 
Thomas precession, 423 
Thompson factor, 226 
Thomson’s theory 

of absorption of X*ray, 610 
of scaltoring of X-ray, 214 
Thoriauito, Ceylon, 87 
Thorio-lead, 181 
Thorium, 
activity of, 117 
branch products, 181 
heUiim yield of, 171 
load, B7 
series, 180 

— chart showing the, 124 

— constants of, 127 
structure of, 688 

Thorium X, activity of, 117 
ThC, range of n-particlos from, 148 
long range groups of n -particles 
from, 148 

Tlii'osliold frequency, 189 
Total reflexion of X-rays, 812 
Tract(s of alpha-particles 81, 141 • 
of beta-rays from lla-D, 108 
of X-rays, 201 

of gamma-rays from Ba.O, 104 
Transitional groups, formation of 
first, 677 
of second, 6B0 
Transitions, 
forbidden 872, 748 
rules of, 722 
Triangle of vectors, 416 
Triplot separation, 
for Bo-liko ions, 667 
for 0, 700 
for Go, 700 
for Mg lilco ions, 667 
for PI), 700 
for Ho to Po, 710 
for Hi, 706 
for Bn, 700 

Two olcctrons problem, 081 
— onorgy relation for, 0B2 

Ultra ionisation, 789 
for moron ry, 789 
TJjicortainty Principle, 419 
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Unit coll, 237 
dimension .of, 249 
Uianio-load, 87, 130 
Uranium, 

Activity of, 117 

CompouiicI, 109 

Helium yield of, 171 

Isotopes of, 180, 131 

Bate of evolution of heat by, 170 

Structure of, 688 

Uranium I and 11, range of a-particles 
from, 147 

Uranium-i’acliiim aerie a, 122, 129 
chart sho-wing the 123 
constants of, 126 
Uranium X 
Discovery of, 117 

Vociuim in positive ray apparatus, 82 
Yacmim spark, 395 
Valency, 629 
Valve-ieotifiers, 286 
Vector model of an atom, 41(3 
of two oicckoiis systero, 665 
Vector sura, 
of 1 vectors, 682 
of 1-9 vectors, 681 
of fl vectors, 083 

Weight factor, 681 

Weias’ hypothesis of internal field, 790 
Weiss* law, 790 
Weiss* Magneton, 773, 798 
Willemite, screen, 61 

X'Eaya, 

absorption of, 209, 497 
absorption spectrum of, 438 
anomalous dispersion of, 814 
ohaiacteristic, 207 
contimiouB, 287 
diffraction of, 212, 216 
discovery of, 109, 214 
dispersion of, 318 
fluorescent 208, 218, 486, 616 
Hifltory, 206 
inner conversion of, 486 
interaction with maltor, 206 
intei'feronce of, 317 
molliotlB of spectroscopy of, 262 
monochromators for, 616 
optics of, 2p8 


X-rays— {conid.) 
photo-olecfcric effect by, 440 
l>roduction of, by big!) tons ion, 284, 
286 

reflection of, 229 
refraction of, 300 

scattering of, 218 (see under scatter¬ 
ing of X*rayft) 
soft, 473 

tonn-values in, 460 (table) 
total reflection, 313 
X-rays, spectrograph, (see under 

ajjectrograph). 

X-ray tubes, electron typo, 260 
for choinical analysis, 283 
gas filled (ion type), 206, 278 

Ytterbium, dec Iron composition of, 086 


Zeeman components, calculation of, 

406 

SJeeman effect, 891 
anomalous, 896, 399 
olassioal theory of, 391, 392 
experimental verification of, S96 
for jj-coupling, 686 
expression for, 686 
in high fields 426, 429 
intensity of lines in 408 
Larmor*fi treatment of, 397 
normal, 393, 394, 896 
of Bi lino 4772, 700 
of doublet speotrum 396, 400, 406 
of lines possessing hypor-fino 
structure 769 
— Bi line 4772, 701 
— comparison with experiments, 702 
of triplet spectrum, 390, 401, 407 
photograplis of, 390 
polfirisation of lines in normal, 894 
Preston’s rule, 401 
Quantum theory of, 399 
— Sommer fold’s generalisation of, 
402 

Separation in 406 
transverso view of, 803 
Zeeman pattern, 

Eegularitiea in, 401 
Zeeman, separations for neon, OBO 
Zino, isotopes of, 07 



ERRATA 


p. 28, last lino, read B for A, 

p, 86> lino 7, read * largosfc * for ‘ sninllost^* 

p. 91, pnrn 1, read\ 

I(i is now easy to aee that if wo draw a lino ZB, so that it inakos an 
angle 0 with Si 82 Z, then ZB la tho loous of fclio point (r, 0\ ix,, all 
particles having the aanio vnluo of e/m, whntov(?r tlio value of v may bo, 
are focussed on sonio point in ZB. To i)rovo this wo draw a lino OX 
parallel to ZB through O. Lot OP cut ZB at P. Then wo have 
and OP (</>-^2<9)«ON«2/>6>, 

p. S2d, equ, (6), read for in the donominafcor. 

p. 386, equ. (16), second line from tho bottom, read 6^ in tho numerator 
for 0 ^, 

p. 366, lino 12, read Wo/ '^^1 -^2 for \/.-.(327 

p. 366, equ, (40) read for n' -- 

p, 376, lino 0, read * P of four and S of five * for * P of five and S of six. 

A A 

p. 422, line 14, read —cos d for cos si 

A A 

„ oqu, (45), recul si. cos si for ,sl, cos st. 
p. 583, table 20, read 28 Ni ., , 4.92 fm- 28 Ni... <1.9. 

3# 4s 4.92, 

„ Inst column, read OOTli for OOTli. 
p. 677, Inst lino, add ‘ nnd sliown in Fig:. 2(i, Plato XIL’ 

p. 803, below Fiff, 16, read ‘ - Hoso ’ for ‘ , Boso.' 

p. 809, equ. (44), read w'=|:w fo)- rd’=n. 



